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ABSTRACT
The mechanisms of many of the typical reactions of organometallic 
compounds have been reviewed, and an attempt has been made to deduce the 
mechanisms of reaction of some common, but hitherto little investigated, 
reactions of organometallic compounds* The organometallic compounds 
chosen for study were the dialkyl zincs, as they are readily obtained 
and purified, they are known to be stable, monomeric liquids unassociated 
in organic solvents, and they undergo the typical reactions of organo­
metallic compounds*
In the present work, a study has been made of the reactions of 
di-n-alkyl zincs from dimethyl- to di-n-butyl-zinc with oxygen,nitric 
oxide, iodine and p-toluidine (which functions as a monobasic acid). The 
relative rates of cleavage of the different alkyl groups by the various 
reagents, in solution, were deduced by means of competition experiments in 
which (a) mixtures of two symmetrical dialkyls RgZn and R^Zn and (b) an 
unsymmetrical, dialkyl RZnR* were allowed to react with a deficiency of the 
reagent.
Studies on the autoxidation of dialkyl zincs in diethyl ether at room 
temperature showed that the formation of peroxide accompanied the uptake of 
oxygen very closely. Competition studies were unsuccessful.
(iii)
The dialkyl zincs were shown to react with two moles of nitric oxide, 
in solvents such as benzene, cyclohexane, and diethyl ethea?, at room temp­
erature, to give a derivative of an N-alkyl-N-nitrosohydroxylamine
R0Zn + 2 NO ---> R - Z n - O - N - R
!
0 = N
This derivative evolved one mole of alkane on aqueous hydrolysis, and a 
salt ZnCo^^R^ was isolated in quantitative yield from the hydrolysis
product. The order of cleavage from unsymmetrical dialkyls in both cyclo­
hexane and diethyl ether 7ms Et Pr11 <C Bun, and a mechanism involving 
initial coordination of nitric oxide to -the zinc has been proposed.
The rate of acidolysis by p-toluidine in refluxing di-iso-propyl 
ether or diethyl ether vms in the order i 
Me2Zn <  Et£Zn >  Pr^ Zn.
For the unsymmetrical dialkyls, the alkyl groups were cleaved in the order ; 
Et >  Prn >  Bu\
The mechanism of electrophilic substitution at saturated carbon (S-,2 orh
Sjgi) has been proposed to account for our observations.
The results of the competition studies with iodine were indefinite, 
but were not incompatible with a free radical mechanism, accompanied, in 
part, perhaps by a coordination mechanism.
(iv)
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I N T R O D U C T I O N
CHAPTER I
The Possible Mechanisms of Reaction of Alkyl Metal Compounds
(A) Scope
In this chapter the possible mechanisms of reaction of organometal
compounds are reviewed. The experimental evidence about the mechanism
r
of some of theif typical chemical reactions will be examined in subsequent 
chapters. The scope of this review is limited to compounds in which the 
alkyl group is joined to a metal of groups I-IV by a dT bond, although 
reference will be made to other organometal compounds where appropriate*
(B) The properties of organometal compounds
The available reaction mechanisms depend on the nature of the 
substrate. Accordingly the properties of the organometal compounds are 
first indicated below. A tremendous range of properties must be antici­
pated. Thus when the carbon is bonded to a highly electropositive group 
such as sodium or potassium, a high degree of ionicity is experienced, as 
illustrated by a high melting point; whilst molecular association is 
experienced in group III. However, the norm of the properties is low 
melting points, thermal instability and high chemical reactivity; most 
undergo vigorous chemical reaction with oxygen, acidic hydrogen — even from 
the weakest donors - , halogens, alkyl halides, carbonyl groups and other 
electron donors. Many exhibit metal exchange, and many are alkylating 
agents. Not surprisingly, optical activity is rare. This is unfortunate,
-3-
since the most powerful method of elucidating the mechanism of a reaction 
is by a combined kinetic and stereochemical investigation. The only 
stable optical activity at normal temperatures on a metal bearing carbon 
atom in the absence of any other asymmetric centres or influences, other 
than the metal, reported so far, is in the alkyl mercury series for 
s.butyl mercury [l, 2, 3, 4] and for 2-methylhexane-5-*mercuric bromide [4]# 
(c) The available reaction mechanisms
Because of the electropositive nature of the metal, there will be 
some charge separation between the carbon and the metal; the carbon 
carrying a small negative charge, the metal a small positive one. The 
metal will have vacant orbitals, which may be available for bonding. Hence, 
for the first step three types of mechanism for a reaction entered into by 
the substrate R-M are possible:
(2) Nucleophilic attack cn the metal,
(3) Co-ordination of the reagent on to the metal*
Two of these types of attack may occur synchronously or consecutively, and, 
in certain cases, a closed transition state may therefore be involved.
The bond between the carbon and the electropositive element may be 
contrasted with the carbon-electronegative element bond. Attack at the 
carbon now involves electrophilic attack just as previously it involved
(l) Electrophilic attack on the carbon,
a)  -----  ^* attack on the carbon 
-4-
nucleophilic attack. If this is the case, then two types of analogous 
reactions can be envisaged [2]. Metal exchange among the metal alkyls 
corresponds to halide or similar anion exchange among the alkyl halides 
or esters; metal acidolysis corresponds to hydrolysis or alcoholysis 
of the alkyl halides*
In the case of the metal exchange the following mechanisms have 
been formulated by Charman, Hughes and Ingold [ 2] by analogy with the 
aliphatic nucleophilic substitutions.
(i) Unimolecular electrophilic substitution 
mechanism, is formulated as follo?/s :
slow. +
R + M,+ fast*  R - M2 (SjjL)2
(ii) Bimolecular electrophilic substitution (S_2), a one-step
mechanism, is possible with a less readily ionizing metal bond:
M2+ + R - 1^  -- > Mg - R + Mj* (Se2)
(iii) Internal electrophilic substitution with a not
too readily ionizing bond in the substrate and a not too ioni-
cally dissociable bond in the substituting agent.
-5-
Provided the form of the S^ i reaction is clearly defined in this 
manner, it seems fair and convenient to extend the electrophilic classi­
fication in this way* Dessy et al* [5l> however, consider that the latter 
mechanism should be referred to as a four Centre bimolecular substitution
(S„2) because in this case the substrate is simultaneously undergoing i?
nucleophilic and electrophilic substitution*
(2) Nucleophilic attack on the metal of R - M
(i) Both an *’S^1” and HS^2” mechanism as applied to the metal,
Ej - M ILj" + M+
R + M - E1 ---- ^ Rg “ M + E1 V
would require a earbanion to be the substituting agent* This 
is so unlikely that it will not be considered.
(ii) A bimolecular internal nucleophilic substitution on the metal 
is plausible* It may be formulated :
R M1 + R1 - M2
,>1 ,
E^(2) CC^H'
m2.-
 > R1 - + E -
(1) indicates the initial step in the substitution process*
(3) The. co-ordination of the reagent on to the metal
The co-ordination mechanism has been suggested for the autoxidation
-6-
reactions on organometals [6] and could be extended to other reactions* 
The autoxidation reaction is formulated [ 7> 8* 9]i
6 - 0  0 - 0  
✓—- I I I
R M 0  R - M  > R M
Similarly, iodination has been formulated [ 9a] :
I - I+ I I
^ i 1R - M * I --> R - M --> R M
' ( i f
(4) Alkyl bridging in the me
Metal exchange among alkyl metals is an important feature of their
properties. It is suggested [10, 11] that exchanges of the type,
R - M, - R + R» - M0 - R1 = &  R - M- - R* + R - M0 - Rf etc,1 2 j. 2
occur via an alkyl bridge :
R
R - M^' ’’*• m2 - R*
This could amount to two synchronous S^,i substitutions, but Hughes 
and Ingold [ 2] have pointed out that R for R exchanges are theoretically 
unlikely in metal exchange reactions proceeding via the electrophilic 
mechanism. Because the exchanges are particularly common among methyl 
compounds, it is possible that some resonance stabilisation of the alkyl 
bridge is involved :
This section must be concluded with a reference to the alternative 
homolytic paths of reaction, of which at least two types are possible*
(i) Homo lysis of the alkyl-metal bond to give an alkyl radical :
R - M ----> R* + *M
the alkyl radical so formed can undergo disproportionation or 
recombination or hydrogen abstraction (from a solvent or other 
hydrogen donor) to give several saturated and unsaturated hydro­
carbons* This type of reaction has been observed in the thermal 
decompositions of many metal alkyls*
(ii) Attack of a free radical on the organometal compound.
This, second, homolytic path does not involve prior homolysis 
of the alkyl-metal bond, but is an attack by an already" formed 
free radical on the organometal compound. Such a mechanism 
has already been suggested in the case of the free radical reaction 
between dialkylmercurys (and also diaryl and alkyl aryl mercurys) 
and carbon tetrachloride, initiated by benzoyl peroxide [43]
-8-
(PhC0*0)2 ---> Ph* + PhlOy + C02
Ph. + C Cl^ ---> PhCl + C Cly
RHgR* + C C l y  > RHg. + Rf-C Cl^  )
\ chain
RHg* + C Cl^  > RHgCl + C Cly <
In this case, the free radical is C Cly, and the free radical 
attack on the organomercury compound is the step
RHgR1 + C Cly --- $  RHg* + R* - C Cl^
We propose, in the Discussion Section, a similar mechanism to 
account for iodination reactions
_ slowv _ T
i2 — > i. + i.
fastv
R2M + I* — — » RM- + RI
RM* + 1* bmx
A major distinction between reactions proceeding via mechanism (i) 
and (ii) is that in the latter mechanism no free alkyl radicals are formed, 
and so products derived from free alkyl radicals (such as alkanes and 
alkenes) are not formed,
(D) The kinetic, stereochemical and electronic requirements of the 
suggested reaction mechanisms
(l) Unimolecular electrophilic substitution; (‘3^ 1 )
The reaction should exhibit first order kinetics in the limit, i,e.
-9-
rate « k^ [EM^ ]. By analogy with the S^ l reaction at least partial 
racemization should occur, but it is not possible to generalize regarding 
the rate of reaction and rate of racemization. This mechanism is to be 
expected in polar solvents of high dielectric, conditions in which optical 
activity will be extremely unstable. The carbanion will be stabilized
by groups which can accommodate some of the charge. Electron yidthdrawdng 
substituents in R will increase, and electron donors retard, the rate of 
reaction which should be fairly insensitive to sfceric effects. Added 
salts should increase the polarity of the solvent and accelerate the 
reaction,
(2) Bimolecular electrophilic substitution (S^ 2 )
The reaction should exhibit 2nd order kinetics if both reactants 
(RM^  and Mg*) are in dilute solution and their concentrations are of the 
same order of magnitude:
As with S 2^ two transition states are possible :
A \ /
2
(1) (n)
(i) would lead to retention of configuration, (II) to inversion.
The electrostatic factors that preclude (i) in S^ 2 ore no longer
-10-
in operation [12] as there is one less pair of electrons in the transition 
state and so greater choice for their distribution* It is now also 
possible that there is bonding between the incoming and outgoing groups 
which could lead to the following resonance structures [13] s
X +X X c
\  r ^  r \ r + i :
E+ v E I E ' E
To date, all reported S^,2 reactions have been found to proceed with full 
retention of configuration, and it seems probable that this is the normal 
stereochemical course.
Electron repelling substituents on E will accelerate, and electron 
withdrawing substituents retard, the reaction. The rate may be affected 
by steric effects, but not to the same extent as if it proceeded with * 
inversion. Normal salt effects will accelerate the reaction by facilitating 
the polar transition state.
(3) Internal electrophilic substitution (Sj-j.)
This mechanism again requires 2nd order kinetics if both reactants 
are in adequately dilute solution : rate s k^ [ HBlj] [ MgX] * Because the 
transition state is cyclic with at least electrostatic bonding, this 
mechanism must retain configuration. The electronic effects are basically 
the same as S^ ,2 (ret.) except for the salt effect. The normal salt effect 
will be negligible because the transition state is not polar. If the
-11-
onion complexes with substrate it will assist the nucleophilic substitution 
on the metal of the S. — M compound (as has been observed in one-anion and 
two-anion catalysis, see p. 19 ).
The and S^ i mechanisms must shade into each other# This may 
be illustrated by considering the hypothetical reaction RHgX + HA. rThe 
two mechanisms may be written :
However, in a nonpolar solvent which could not support a charged 
species, the S^ ,2 reaction might proceed as follows :
On the other hand, the metal salt produced might dissociate in a polar 
solvent, even if the reaction proceeded via an internal mechanism.
X
A
X
A
X
Hg
H
-12-
Fur t her, the resonance structures suggested above (p.l^ ) for the 
mechanism ore very close to the S i transition state, i.e. we wouldii Jui
regard
X X x+
C  > - C  ,) i  > —  C as
E+ E E
proceeding more by an S^,i mechanism than an 3^ 2 one.
(4) Internal nucleephilic substitution on the metal of R - M 
This is equivalent to the S^ i mechanism^  except that if it is an 
independent mechanism, the nucleophilic substitution on the metal would be 
the first step. -This may be the case for the disproportionation reaction 
of the organosilanes [14]j
A1 Br,.
2 RSiMe- - SiMe, + R0SiMe03 4 2 2
R a Et, Prn, Pr1, Bu11, Buf­
fer which the following transition state is proposed :
Me R Me
\ !
Me - Si' Si - Me
/ t e r - ./ \
Me 6+ Me Me
6- AlBr*
3
The relative rates of disproportionation are similar to the re-
slative rates of the S^ 2 reaction RI + I* Rl + I*, and are more
-13-
sensitive to sterio effects than the investigated one-alkyl S_iil
reactions (see page 23)•
The co-ordination mechanism will be considered by reference to the 
autoxidation reaction. It may be formulated in two ways : ;
Both mechanisms would require 2nd order kinetics for adequately dilute 
solutions. They may be distinguished if the intermediate complex can be 
detected. If R - M co-ordinates strongly with a base the reaction will be 
inhibited.
It is profitable to consider the influence of various (tertiary, 
secondary, primary and methyl) alkyl groups on the relative rates of reaction 
proceeding via these two mechanisms.
In case (b), which is the simpler to discuss, two steps are involved:
(a) co-ordination, with, synchronously, a 1,3 alkyl shift
0 = 0 0 - 0
(M co-ordination forming a complex, followed by a shift :
0 = 0 - 0 0 - 0
R - M R - M R M
(-)
(i) the co-ordination step and
(ii) the alkyl cleavage step.
-14-
In an alkyl RMR*, the ratio of ROOMR* to R'0.GMR that is formed will depend
bonding electrons, to the positive oxygen. Hence the rates of cleavage 
of R and R' will be in the order of the inductive (+l) effect [lf>] •
The relative rates of reaction of the two alkyls, Rg^ and with
oxygen, however, will depend on both steps. The co-ordination step Yfill 
be influenced by the inductive, steric and hyperconjugative effects of 
the alkyl groups; the cleavage step will again be influenced by the +1 
effect as discussed above. The table below gives the various ways in 
which an alkyl group will influence the rates of reaction of a symmetrical 
alkyl, R^ M.
Influence of: Relative rates of reaction
only on step (ii) in which an alkyl group is shifting, with its pair of
tertiary .>• secondary >■ primary methyl.
inductive effect on the co-ordination 
of the oxygen: tert. sec. C"primary <"* methyl
hyperconjugative effect on the co­
ordination of the oxygen: tert. j*. sec .^ > primary^ >... methyl
steric effect ori the co-ordination 
of the oxygen: tert.< sec. <Tprimary<CTmethyl
inductive effect on the migration 
of the alkyl group: tert..>' sec. .> primarymethyl.
It is therefore not possible to predict from this theoretical 
reasoning the relative rates of reaction of the symmetrical alkyls RgM,
-15-
although the cleavages in alkyls of type RMRf can be predicted.
In case (a), the two steps have merged into a single step in which
the alkyl shift occurs synchronously with the oxygen attack.
Polar effects should be small, as although co-ordination is opposed 
by +1 effects, the synchronous alkyl shift will be enhanced by them. The 
hyperconjugative effect will oppose co-ordination and also cleavage of the 
carbon-metal bond, and the relative rates will be methyl primary 
<C sec. <. tert.
Both steps will be sterically hindered and the relative rates due to
steric effects will be methyl > primary sec. y tert.
The steric factor may possibly be the major factor in determining 
the rates; the predicted relative order is therefore :
methyl? primary?* secondary"?*' tertiary.
Hie relative size of the hyperconjugative effect puts the position of the 
methyl group in the relative series in doubt.
The exchange should follow second order kinetics. It should be 
assisted by hyperconjugation and retarded by steric effects. Therefore 
the alkyl bridge is favoured by methylprimary secondary ^  tertiary 
alkyl groups. It will be weaker than a halide bridge. Thus no alkyl
exchange occurs in Et^ AlCl at room temperature [ 11].
According to the chain mechanism of Nesmeyanov (see pages 7 &&& 9) 
for the cleavage of RHgR1 by *CCly the propagation steps are s~
RHgR* + -CCl, --> RHg« + R'CCl, )
RHg* + CCl^ -^ RHgCl + -CCl^
chain
If the first step is the fate determining step, as it most likely is, then 
when a steady concentration of *CC1^  has been reached the overall rate will 
be a [RHgR1]* Nesmeyanov made no kinetic determinations but did observe 
that the relative rates of cleavage of R by *CC1^  is in the same order as 
the relative rates of cleavage by acids (Kharasch series).
The iodination reactions (page 8) may,however, involved no radical 
chain, and the sequence given (page 8) would lead to a rate of iodination 
proportional only to This, indeed, has been observed by Reutov
for the iodination of PhCHgHgCl by iodine (page 118) and would suggest that 
by this latter mechanism all alkyl groups would be cleaved by iodine at the 
same rate.
(E) Conclusion
The above classification is a simplified picture. The way in 
which is has been used to elucidate some of the typical reactions of alkyl 
metal compounds will be discussed in the following chapter.
-17~
CHAPTER II
Alkyl Exchanges in Organomercury Compounds 
(a) Classification of the alkyl exchange reactions
By far the most kinetic and stereochemical work in the field of 
organometal chemistry has been done on the three alkyl exchange reactions 
of mercury, where the three electrophilic mechanisms formulated in the
f ' '
first chapter have each been detected.
Organomercury compounds are particularly suited to these studies 
for the following reasons :
(1) the carbon metal bond is notably unreactive as organometals go; 
thes^  compounds do net react with oxygen and are not readily hydro­
lysed in aqueous solution.
(2) they, uniquely among organometal compounds, exhibit stable 
optical activity even when the a-carbon atom is the only asymmetric 
centre apart from the metal atom.
The exchange reactions are very convenient for studying the stereo­
chemical course of electrophilic substitution because it is not necessary 
to correlate optical activity with absolute configuration.
The alkyl exchange reactions have been carefully classified [2].
It is suggested that of the 6 possible redistribution reactions, only 
3 are independent electrophilic mercury exchanges, viz.;
X2Hg HgX XHg HgX2 (l)
XBHg HgX — RHg - H: HgX2 ^
XEHg k'"ES- HgR ^ ^  RHg HgRX (3)
-18-
respectively termed the one-alkyl, two-alkyl and three-alkyl exchanges.
The experimental information regarding each of the three alkyl exchanges 
is reviewed below.
(B) The one-alkyl exchange reaction
(i) The uncatalysed reaction
The one-alkyl exchange was first clearly demonstrated by Hughes 
and Ingold [16] by careful kinetic investigation of the mercury exchange 
between methyl mercuric bromide and radiomercury bromide, first observed 
by Nefedov et al. [17]- These latter workers had formulated a two- 
stage mechanism for the reaction :
2 MeHgBr Me H^g + HgBr^
4(*
Me^Hg + HgBr2 MeHgBr + HgBr2
(The * is used throughout to indicate a radioactive label.
Thus Hg = 205Hg )
Hughes and Ingold showed that in ethanol only the second order rate con­
stant corresponding to the 1-alkyl exchange mechanism remained invariant 
to change in the concentration of the reactants. Their observations 
were then extended to ;
MeHgX + HgX2  ^ MeHgX + HgX2 
where X = I, OAc and NO^ , and to
s-but.HgOAc + Hg(OAc)^  s.but.HgOAc + Hg(0Ac)2,
-19-
and later (by Hughes and Volger) to ethyl and neopentyl mercuric 
bromide [l8].
Each reaction was carried out in ethanol, with the addition of a 
snail amount of nitric acid to stabilize the reactants for X = NO^ # Each 
reaction was identified as a one-alkyl exchange following second order 
kinetics* In the case of R = s.but. the reaction proceeded with re­
tention of configuration.
An increase of rate along the sequence of increasingly ionic 
derivatives in the order
MeHgBr < MeHgl MeHgOAc MeHgNO  ^was observed.
This indicated that the transition state was an open one, apart from its 
solvation. This is supported by the fact that added lithium nitrate 
exerts a mildly accelerating salt effect which suggests a polar transition 
state. So the uncatalysed one-alkyl exchange for the simple alkyl 
mercuric salts considered proceeds by the S^ 2 mechanism with full re­
tention of configuration. Reutov’s observations that the 1-alkyl ex­
changes of cis and trans P-chlorovinyl mercuric chloride in acetone [l9] 
and of cis and trans 2-methoxy cyclohexylmercurichloride in dioxan [20] 
proceed with retention of configuration is in agreement with this.
(2) Anion catalysed one-alkyl exchange
The word uncatalysed was introduced above because it was discovered 
that the reaction was affected caialytically (i.e. the rate was increased 
by an order of magnitude greater than the normal salt effect) by added
-20-
halides and even acetate.
The catalysed reaction :
X T n Y X
RHgX + HgX2 — =££ RHgX + HgX2
followed 2nd order kinetics for :
R = Me,' X = Br [21] and for R =- neopentyl X = Br [I8]j r
with retention of configuration for :
R = s.but X = I, Br, Cl, OAc [21], in acetone or ethanol. There
was no catalysis by acetic acid molecules or by nitrate ion [ 16].
A break in the straight line plot of added salt concentration against 
reaction rate revealed two types of catalytic processes were occurring.
For salt concentrations less then or equal to the concentration of sub­
strate, ”one-anion” catalysis occurred via the bridged transition state I. 
For greater salt concentrations, a second type of catalysis with a different 
reaction rate came into operation. This ,{two-anion” catalysis has the 
transition state II.
HgBr • • HgBr 2• •• *• * • .• *
R: * *Br • •# #
R* #’Br
\• *
V HgBr :
. *
** HgBr •’
MM*. ^
These are both examples of the S^ i mechanism.
Reutov and his co-workers have described a number of 2nd order 
one-alkyl exchanges that are accelerated by the presence of bases [19,20]*
It is considered that the 1-alkyl exchange ofRjR^ R^ CHgBr (where R^ = H,
ss COOEt, R^  - Ph) in pyridine [22] and in dimethylformamide (D.MoF*) [23]
f
and of PhCH^ HgBr in quinoline [24] are all examples where the reaction is
catalysed by the basic solvent. It was originally suggested [19] that the
base co-ordinates with alkyl mercury and weakens the C - Hg bond, but the
present view [24] appears to be that the base complexes with the mercury
of the HgBr~ in the initial state :
6+  6-
r v  /~v
Br —  Hg *—  B: Certainly in the case of the D0MoFo a study
I
Br of the kinetic form reveals that a slow,
practically irreversible complexing between the solvent and the HgBr^ , 
occurs* The complex formation properties of D.M*F* are well known [23]* 
The reaction is second order, retarded by electron withdrawing 
para substituents on the phenyl (R^ ) [24] and proceeds with retention of 
configuration. Both the S^ i (i) and S^Cll) transition states are
Jjj £j
suggested [ 24].
The 1-alkyl exchange of a-mercurated oxycompounds are accelerated 
by acid [19]* It has been suggested that the proton links on to the 
oxygen and weakens the Hg - C bond :
(4.) Solvent
The reaction
55 56R^ RgR^ CHgBr + HgBr2 R^ R^ R^ CHgBr + HgBr2 
where ^  = H, Hg = COOEt and R^  = Ph
has been studied in pyridine [22], dimethylformamide [23] and in 70fo 
aqueous dioxan [26]. In pyridine and D.M.E, the reaction was second 
order overall, 1st order in each reactant. The analogous second order 
reaction in quinoline using para substituted benzyl mercuric chloride [ 24-] 
indicated that the reaction was accelerated by electron repelling sub­
stituents in the phenyl group and retarded by electron withdrawing groups,
-23-
for the rates of reaction for the following para substituents were in 
the order :
F <  Cl <  H Me <C Me2CH.
This would be the natural order for an S^,2 or S^,i mechanism.
In 70$ aqueous dioxan the reaction was 1st order overall, 1st order 
in the organomercury halide, and zero order in HgBr^ * Para substituents 
in the ethyl ester of the a-bromomercuriphenyl acetic acid had the 
opposite effect to those in the 2nd order reaction. Now arranging the
substituents in order of decreasing reaction rate, we have :
I, Br, Cl >  F >  H >  Me ■> (CHj) C.
This indicates the reaction is proceeding via an S^ l mechanism for 
which the following path is expected ;
(-)
Ph - CH - CCOEt — Ph - CH - COOEt
! slow (*)I
HgBr HgBr
(-) * fast (-)
Ph - CH - COOEt + HgBrg Ph - CH COOEt + HgBr2
(+) (+h
HgBr HgBr
This was the first S_1 mechanism to be observed in the mercuryili
exchange reactions.
(5) The pattern of steric effects among 
ccham
The steric retardations by alkyl groups in the reaction 
Jg 56
RHgX + HgXg -— x BHgX + HgXg
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have been investigated [18] for
R = Me, Ethyl, neopentyl; X = Br
R = Me, s-“but. X = OAc, in ethanol for both the S-g2
and S„i mechanisms.E
The relative rates of second order substitution for the S^,2 
reaction were :
Me(lOO) Et(42) Neopentyl (33) s.butyl (6) 
and so the steric retardations are in the order :
Me < primary alkyl  ^secondary alkyl.
No strong steric retardation is observed for the neopentyl group, compared 
with the ethyl group, as occurs in the S^ 2 mechanism [27].
By comparing the rates of substitution in the neopentyl and methyl 
groups for the three mechanisms, it was discovered that the steric effects 
are, in order of increasing magnitude :
S„2 <. S_i - 1-anion S^ i - 2-anion,
The reaction is of the form :
XRHg + RHgX R2Hg + HgX2
This is the longest known of the mercury exchange reactions. It is 
reversible. Its natural direction is from right to left. This is termed 
”syn-proportionation,?. The reverse reaction, termed symmetrization, can 
be induced by reagents that complex with the HgX2# By the principle of
E ^ E'
(C) The two- reaction
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micro scopic reversibility, any conclusion regarding the mechanism or 
course of the reaction in one direction, applies to the reaction in the 
reverse direction under the same conditions.
Three workers have investigated this exchange using simple alkyl 
groups wit.H only one asymmetric centre or influence. Reutov [28]
f' '
investigated the reaction between bis(2-methyl hexyl-5) mercury and 
mercuric bromide. It proceeded with retention of configuration,
Charman, Hughes and Ingold [29], and independently, Jensen [30] have 
studied the reaction between bis(s-butyl) mercury, containing only one 
optically active group, and mercuric bromide, in both acetone and ethanol : 
(-)R~Hg-(£)R + HgBr  ^-pS (-)R-HgBr + (-)R - HgBr
R = s-butyl.
The resulting s-butyl mercuric bromide had one half of the rotation of the 
starting material, indicating that the reaction had proceeded with re­
tention of configuration. This was also the case with mercuric acetate 
and nitrate.
The reaction followed 2nd order kinetics (rate = k.^ LH^Hg][ HgZ^]) 
[29]. The rate of reaction with other salts increased along the sequence
HgBr^  HgfOAc^ Hg (NO.^ ,^ while added lithium bromide reduced
the rate as shown by the rate equation;
rate = kf2 ([HgBr] - [LiBr]) [RgHg], k*2 = k2 for tLiBr] < [HgB^]
This increase of rate as the cationic character of the substituting
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mercury increased, indicated that the exchange proceeded via the S^ 2 
rather than the S^ i mechanism..El
Brodersen and Schlenker [31] have studied the reaction s
ether; - 20° ^
* - =, EHgBr + E'HgBr
?. - Hg - S' + HgBr„
^  R’HgBr + RHgBr
They eliminated solvation factors by using ether as the solvent, and 
state that they guarded against the symmetrization reaction,
2R - Hg - R«  --> R£Hg + R2fHg .
In analysis of the radioactivity in the products RHgX and RfHgX 
indicated the relative rate of cleavage for each group. This was :
Me(lOO) > EtCU) > Br“(l9)
when the products obtained from MeHgEt and EtHgPr11 were compared* They 
interpreted this as a polar effect, but their relative rates were similar 
to those obtained by Hughes and Volger [ 18] in the 1-alkyl exchange reaction. 
These authors regarded the sequence as due to steric effects, and con­
cluded polar effects were much smaller
Some of their results are difficult to explain. For example, they 
obtained the result :
PhHgBu1 + HgBr2  > BunHgBr (99) + PhHgBr(l).
Meanwhile, Dessy [32], obtained the following distribution for phenylethyl 
mercury j
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EtHgPh + h|c12 --> EtHgCl (50) + PhHgCl(50)
but this has been sho?m tc be erroneous by Reutov [33], #10 found :
EtHgPh + HgCl2 or HgBr2 PhHgBr, PhHgCl only.
Reutov's work is in accord with ;
(1) the Kharasch series, for which phenyl is cleaved in preference 
to n-alkyl (Ph ^  n.alk.),
(2) all S -^type reactions where comparison has been made for 
PhgHg and Et2Hg,
(3) the predicted course of an or S^ i reaction.
There is no obvious reason why PhHgBu31 should behave very different­
ly to PhHgEt. Brodersen also reports the following reactions :
p. MeO.FhHgPh + KfBr2 --> PhHgBr (69) + p.Me0.PhHgBr(31)
p. BrPhHgPh + HgBr2 — > PhHgBr(75) + p. Br.PhHgBr(25)
These are also contrary to the Kharasch series.
He proposes that the activity of the n-butyl group is due to an 
increased polarity of the C-Hg bond, due to an increasing chain length of 
aliphatic substituents. In the case of the p-substituted phenyl groups, 
their attachment to the mercury is strengthened by the resonance structure;
(-) (+)
Ph - Hg sr -v -j. oMe.
X  ----^
However, more experimental work needs to be done before these theories can 
be evaluated.
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Reutov [ 20] has investigated the reactions :
NH
RHgBr + RHgBr — -t* RgHg + HgBr2 . . . . .  (l)
NH
R'HgBr + R'HgBr   ^  R« Hg + IIgBr2 . . . . .  (2)
NH,
RHgBr + R'HgBr ---4* RHgR* + HgBr2 . . . . .  (3)
where C0QA1K C0QA1K
/? Pn • /‘---\ •
R = Y ~ N _ ^ ~ C -  , R* = c -
! ' !
H H
He found that the relative rates of the symmetrication reaction (l) were,
for the following para substituents (Y), in the following order ;
Cl^BrC^I > F > H > t-but. > Me (no reaction)
Thus electron withdrawal assisted the substitution.
Reaction (3) was studied for ;
X = H H Me
Y = Cl Br H
These "cosymmetrization” reactions went faster than the correspond­
ing symmetrization reactions. Rentov concluded that the cleavage of the 
old bond (assisted by X **4 ) was now as important as the formation of the
new one (assisted by —■4" Y), He suggested that these reactions proceed­
ed via an S^ i transition state. The observation that the "cosymmetriza--Cj
tion" reactions proceed faster than either of the corresponding
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symmetriz at i o n reactions, indicates that electronic effects can be trans­
mitted through the mercury atom. K3brich observes [34] that the 
introduction of a radioactive mercury label into one of the aryl alkyl 
mercuric halides would be profitable,
Reutov also indicated the relative rates of symmetrization for 
different alkyl groups in the ester. They v^ ere :
Me(lOO) Et(6l) iso-propyl(14) t-butyl (very small).
He attributed this sequence to a combination of polar and steric factors.
(D) The three-alkyl exchange reaction 
The three-alkyl exchange :
RHgX + RHgR RHgX + RHgR
could proceed via three paths :
(1) R°h|x + RRHg R°RHg + RHgX R for X exchange,
(2) R°HgX + RRHg — 9  R°RHg + RHgBr R for R exchange,
(3) 2R°lfx  > R°2lf + HgX2
« 2-alkyl exchange,
HgX2 + R2Hg --^ RHgX + RHgX
R° indicates a label of optical activity.
They can be distinguished by double labelling, combined with a kinetic 
study of the exchange of the labels. The three different paths require 
different ratios for the rates of exchange of the alkyl and mercury labels,
( \ R O
W  requires that the exchange » 1;1; (2) requires a ratio of 1:0; and
h|
(3) requires a ratio of 2:1. The ratio found by Hughes and Ingold et cl. 
[35] using twice labelled s-butyl mercuric bromide :
-30-
°BuSHgBr + BuS Hg e— — ^  °BuSBuSHg + BuSHgBr
35°
was They also followed the exchange of either the optical or the
radioactive label in parallel experiments anc! evaluated the rate constant 
(zeroth order) for the exchange of each label in each experiment. The 
mercury label was placed sometimes in the s-butyl mercuric bromide, some­
times in the di-s-butyl mercury. The ratio of the mean alkyl label 
exchange rate and the mean mercury label exchange rate was 0,98. Further 
confirmation was that only the second order rate constant corresponding 
to the three-alkyl exchange (as opposed to the two-alkyl path) was invar­
iant to changes in concentration of the reactants. Ill this indicated 
that the exchange was an independent bimolecular electrophilic substitution - 
The reaotion products were allowed to stand for up to 28 half-lives. 
The optical activity never fell below one-third of the initial activity 
indicating that the reaction proceeded with complete retention of con­
figuration.
The rate of reaction increased with the increasing ionicity of the 
substituting agent :
BuSHgBr < BuSHgOAc 4  BuSHgNCy 
and was accelerated to an increasing extent by increasingly dissociated 
added lithium salts;
LiOAc LiNO^  BiBr <( LiClO^ .
-31-
This infers a highly polar transition state consistent with an S-2
■u
mechanism rather than an S^ i one.
Ji
Reutov and co-workers [3^ ] have independently confirmed the 
three-alkyl exchange between optically active 2-ms thylhexane-5-iaercuric 
bromide and di(2-methylhexyl-5~) mercury by double labelling. This 
reaction also proceeded with retention of configuration.
- $£ ~
CHAPTER III
The Acidolysis of Alkyl Metal Compounds
(a) The acidolysis of alkyl mercury compounds
The first study of the acidolysis of alkyl mercury compounds under 
homogeneous conditions was by Kharasch and co-workers [37, 38, 39] who 
studied the cleavage of unsymmetrical mercury dialkyls by alcoholic HC1 at 
room temperature:
EtOH
^  RHgCl + RrH
RHgR’ + HC1
R'HgCl + RH
Their work was later extended by Whitmore and Bernstein [40]. Kharasch 
determined the ratio of the alkyl mercuric chlorides produced* Whitmore 
did not analyse the RHgCl if a mixture of alkyl mercuric chlorides was formed 
and only reported on compounds where the relative cleavages were far apart.
A series of relative cleavages was obtained, but it was not homo­
geneous. That is, two groups were sometimes compared through a common 
substituent in two unsymmetrical dialkyls, and sometimes by their relative 
rate of cleavage when they were in the same unsymmetrical dialkyl. How­
ever, the Kharasch series is important, and has been fairly consistently 
observed for relative cleavages from unsymmetrical mercury and tin alkyls 
by acids [41, 42], halogens ['413* free radicals [43] and metal halides 
[44, 18].
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Prom the experiments of Kharasch and Whitmore the following 
qualitative order of cleavage of alkyl groups from RHgR’ by alcoholic 
hydrochloric acid can be constructed:
Me > Et Bu* >  Pr :^ >Bu n Pr^S0 ^ >Hept n Amyl^S0 ^ =>Bu S 
H
>Me3C-C- , Me C.CHg- , Bu t .
Me
in conjunction with the following series:
Pr “ >Bu n, Hexyl n, Me_C.CH.CH,- , Me_C.CH_CH.CH_- >- Bu S .
j <L <l 5 c 2 2
Quantitatively only four results are relevant:
Pr —  Hg-Bu n ——  ^butyl cleaved (26) + propyl cleaved (74) [38]
Bu —  Hg-Hept n— > butyl cleaved (70) + heptyl cleaved (30) [38]
pr._— Hg-Pr 1S0— £ isopropyl cleaved (15) + propyl cleaved (85) [38^
Bu Hg-Amyl 1S0L^butyl cleaved (88) + isoamyl cleaved (12) [37]
Hence the relative rates of cleavage (see page 73 ) are:
_ y  ^ Heptn (0.15)
Bu n (0.35),
n , . Amyl (0.05)
Pr“ (1.00),
Pr iso (0.18)
The first kinetic study was by Winstein and Traylor [45] who studied
the acetolysis of dialkyl mercury compounds under pseudo-first order
conditions (a large excess of acetic acid):
HOAoRHgR + HOAc RHgOAc + EH.
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The rate was proportional to [R^ Hg] and. was insensitive to added sodium 
acetate* The cleavage stopped cleanly after one alkyl was removed; the 
second alkyl was cleaved very much slower* The relative rates at 25° were:
Pl^Hg Bu2S Hg Pu2n Hg (Ph.C(Me)2.CH2)2Hg
neophyl-
14,000 640 65 1 
The rate of cleavage of neophyl was considerably increased by the addition 
of perchloric acid which featured in the kinetics: rate = 
k^ fneophyl^ Hg] [perchloric acid]. Two mechanisms were put forward for 
the "neutral” acetolysis (without added perchloric acid). An S^ i transi-hi
tion state was suggested (l); while a S^ 2 (2) mechanism was proposed for 
the acid catalysed reaction: |
R + R + AcOH
1 • +H Hg
(1) (2)
Dessy and workers have investigated [46, 47] the cleavage of alkyl 
and other groups from bisorganomercury compounds by HC1 in dimethyl 
sulphoxide/dioxan (10/1) solvent. By the addition of sulphuric acid,
R~Hg
(-
H
R
R
°1 f/°
\ V /
R
H
C
I
CH.
/
CH„
Hg
I1
0
H-jHg/
H
f  0 .
c
R
OH
CH.
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they found that the rate was proportional to [HCl] (undissociated and 
dissociated but not ionised), and not [H+], rate = k^R^HgJfHCl]. Factors 
which suppressed the ionisation of the HC1 (added dioxan; added chloride 
ion, rate a [Cl1]), increased the rate, while water, which assisted the 
ionisation, reduced the rate. This all pointed to HC1 as the attacking 
agent, and they therefore proposed a four-centre mechanism:
R— Hg— R R— Hg— R R + RHgCl [46].
f -J ;  > !
/V 7 H
H— Cl H — Cl
It is not clear whether this mechanism implies prior-coordination by the
chlorine. Dessy qualifies the mechanism as follows: "The important point
is that nucleophilic attack on mercury is as important as electrophilic
attack on carbon." In connection with a later study of ary1-cleavage of
p-substituted diaryl mercury compounds Dessy says [47]• Mit is obvious
that the important rate determining attack lies with the hydrogen and not
the chlorine." In both cases he stresses that the HC1 may be in the form
of ion pairs or unionised molecules.
In our terminology, if ion pairs are involved then the reaction 
would be tending to an 3^ 2 mechanism (with an open transition state); but 
if the transition state involves both H and Cl, but H provides the rate 
determining step, then we would call the reaction an S^ i one (with a 
closed transition state).
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Attack by the proton seems important in the analogous reaction [48], 
T.H.F.+
R2Hg + HCl •   > RHgCl + RH,
1 5°/° water
where ethyl is cleaved, but (CF^^Hg does not react„
In fairness it must be pointed out that in Dessy*s reaction the rate
- 4 - 1 - 1constants were: k2 ethyl: 3*8 x 10 l.mole sec. ; k^  methyl: too slow
to measure, while in the above reaction, carried out under pseudo first
- 5 - 1order conditions, k^  ethyl: 3*1 x 10 sec,
Dessy reports the following relative rates of reaction in R^ Hg:
R = Vinyl Phenyl Ethyl Isopropyl n-propvl methyl cyclopropyl
rel.rate: 170 100 1.5 1.0 0.9 0.2 1000
Kreevoy and Hansen [42, 49] report on the alkyl cleavage from RHgl 
by non-halngen acid (HCIO^  or H^ SO^ ). The reaction was carried out in 
water, containing 2% methanol, with oxygen excluded. The rate was equal 
to k2[RHgl][H^ 0+], and the relative rates were:
R = Me Et Pr n Hexyl n Pr  ^ Bu  ^ Cyclopropyl
rel.rate: 17*2 6.8 3*8 **2.0 2.2 0.14 13,000
They envisage a one-step mechanism in which the C-Hg cleavage is slightly
in advance of the formation of the C-H bond:
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^ — — — C-'-Hg-— } This is an S^ 2 mechanism with
/ a
\  . +
H HO as the electrophilic reagent.
 0 H ^
1
I
If the reaction proceeds by either a bimolecuiar electrophilic
substitution or a four centre mechanism, retention of configuration would be
expected. The ohly work to
who studied the reaction:
25°R2Hg + HX —
They found for
Di L(-)sec,butyl mercury +
The position was complicated
(1) the raoemisation or
(2) a solvolytic type reaction of the alkyl mercury salt in which 
the acid was regenerated and mercury olefins and alkyl solvolytic products 
obtained. They concluded that the reaction between the di- s-butyl mercury 
and the deuterium chloride proceeded with retention of configuration. They 
also obtained up to 80fo retention using cis and trans isomers of di-4-methyl 
cyclohexyl mercury, but now the centre of asymmetry is remote from the 
reaction centre*
date in this field is that of Jensen et al [50]
RHgX + RH
fo Retention of configuration 
(in RD)
DOAC in DOAC: 2Q.ifo
HC10. in DOAC Ofo
IVDC1 in Dioxan 45,6$
by the two side reactions:
%
isomerisation of the starting material;
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We conclude therefore that the broad picture suggests that acidolysis 
of simple alkyl mercury compounds proceeds by bimolecular electrophilic 
substitution. The proton attack appears to be the more important because: 
firstly, the reaction is accelerated by increased electron density on the 
carbon, which must correspondingly decrease the cationic nature of the 
mercury; and secondly the alky?*, group in RHgX is much less reactive than 
the alkyl in RHgR, although in the first case the mercury is more suitable 
for nucleophilic attack, and indeed does loosely coordinate with the halide 
ion, (cf, one anion, two anion catalysis).
There appears to be a distinction between the systems
(a) RHgl and RH^l1, and
(b) R2Hg.
For (a), the cleavages appear to follow a consistent order of steric effects, 
and are not very sensitive to polar effects. (Although the quantitative 
evidence is very scanty). By arbitrarily taking Pr11 = 22, we can compare 
Kreevoyfs and Kharasch*s results.
TABLE 1
R Me Et p-jji priso Hexyln Heptyln B^
Relative rate of cleavage 
from RHgl by H 0^+
100 40 22 13 12 - . 0.8
RHgRf by HCl (alcoholic) - > ~ > 22 4
...
3.3 > -
This is in accord with the RHgX + HgX2 system [ ie ] .
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In the case of (b) the position is less clear. As already indicated 
the relative rates of cleavage from k^Hg by HCl in dimethyl sulphoxAdey&ioxan 
solvent are: Me (5.6), Et (42), Pr11 (25), Pr1 (28). There is no common 
factor to relate these to the relative rates of cleavage from R^ Hg by acetic 
acid which are: BuS (9.9), Bu11 (l.O). The methyl cleavage may well be 
retarded by a hyperconjugative effect. Such an affect has been suggested 
to account for the much slower oxidation of trimethyl boron compared to 
tri-n-propyl boron [51 ] and for the greater carbon-metal both strength in 
dimethyl zinc (89 K.cals./mole) compared to diethyl zinc (86 K.cals./mole) [52]t 
The cleavage of the methyl group by acids is also relatively slower from 
Grignard reagents (see next section) and from dialkyl zincs (this work).
There is not sufficient evidence to draw any conclusions concerning the order 
of relative cleavage of the other alkyl groups, but the results are not 
inconsistent with electrophilic attack on the carbon.
(b) The acidolysis of other alkyl metal compounds
(1) Grignard reagents
The reaction: RMgX + HA RH + MgXA where HA is a compound con­
taining a weakly active hydrogen has been followed by several workers,
The following relative order of cleavage was observed with 
PhCH^ COOMgCl (as HA) in boiling diethyl ether [53] s 
Pr X>  Et> Pr n>  Bu S >Bu 1>  Me,
and
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Pr 1->' Et'>- Pr Bu SJ> Me >* Bu 1 with indene in refluxing dibutyl 
ether [54].
Dessy [55] has obtained the series (with relative rates indicated 
in brackets):
AllylZ> Pr  ^(210)L>Et (l00)l>Pr n (59)^Me (6) for RMgBr in refluxing 
diethyl ether using hexyne-1 as the acid#
Reaction with an excess of acetylene .(CgH^ ) followed first order 
kinetics with respect to EtMgBr [56],
More recently it has been shown that the rate equation:- 
rate = k2[Z.PhMgBr][hexyne-1] was obeyed at 31.5° for a number of para- 
substituted phenyl Grignard reagents in refluxing ether for 70$ of the 
reaction [57]# The reaction was accelerated by increased electron density 
on the a-carbon atom.
The inference is that the reaction is electrophilic in nature.
Recent studies [58] have indicated that the structure of Grignard reagents 
may be more complex than that suggested by Jolibois [59] and it is possible 
that their reactions are not even homogeneous [59a], It would therefore 
not appear profitable to speculate further on the mechanism of reactions 
involving Grignard reagents#
(2) Organosilicon compounds
Kinetic studies on the cleavage of the methyl group from Me^ SifCH^ )-- 
COOH by sulphuric acid in concentrations J> 76$ in aqueous solution have
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been reported (n = 2 [60,61], 3 [61] ). For n = 2 the rate was equal to 
k^silyl][unionised H^ SO^ ], and the formation of methane was quantitative. 
The term ’unionised H^SO^” was used because there was no cleavage in the 
presence of excess acetic acid, which is known to be completely protonated 
in the presence of sulphuric acid [62]. For n - 3, the removal of methane 
was not quantitative, and some butyric acid was formed. The kinetic fora 
could be adjusted to rate = k„[silyl][H SO ] and it was proposed that two 
sulphuric acid molecules were involved in the reaction. An initial nucleo- 
philic attack on silicon was proposed, followed by an attack on the a carbon 
by the second sulphuric acid. Only one sulphuric acid appeared in thev ^
C
propy^ ie (i.e. n = 2) acid case because a stable preequilibrium complex 
arose: 6-
Me, Si CH_
: 6+ j
6— H— 0~*w~c--OH
I
I
OH
On the other hand, the complex kinetics could arise from the protonation 
of the silyl carboxyl group,
(3) Organotin compounds
Most of the relevant studies on alkyl tin compounds have been on 
the relative rates of cleavage of different groups from mixed alkyl tins 
(R^ SnR’^ )# Halogens have been preferred rather than acids as the
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cleaving agents.
Seyferth [63] reports the series:
Ph vinyl 1> Me >  Et > n~ prop*>* n-butyl.
He used a variety of cleaving agents (i^ , HBr, HCl, ethylmercapto acetate: 
HSCH^ COOEt), but showed that I^ , HBr and HCl each produced approximately the 
same amount of cleavage product (i: Me v^inyl ShXj ii: n.but^ vinyl SnX) from 
(i) Me^ vinyl S^n and (ii) n.butyl^ vinyl^ Sn. Cleavage occurred in preference 
to addition to the vinyl double bond. A solvent was used when appropriate. 
Suitable temperatures ranging frcm -78° to 60° were used.
Other workers [64] have extended the series as follows:
CF2 : CF ~  C6H5 >  CH2:CH> alkyl>C2F6.
Dry HCl was distilled into the neat organotin compound, and the reaction 
carried out at a suitable temperature.
No quantitative studies as regards relative rates have been reported 
on acid cleavage reactions of alkyl tins. The importance of electrophilic 
attack on carbon has been suggested [65] to account for the relative order 
of cleavage:
alkyl >  'CgPg.
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CHAPTER IV
The Autoxidation of Alkyl Metal Compounds
It is now clear that the autoxidation of an organometal gives 
initially an organoperoxymetallic compound:
MR + 02 — — * MOOR.
Alkyl peroxides of the type MOOR have been identified for the alkyls of 
magnesium [6], boron [7], cadmium [66] and zinc [9] and peroxidic products 
have been detected for lithium [6, 67] and aluminium (67]. It is proposed 
to review the evidence concerning the mechanism of this reaction.
A reaction involving alkyl free radicals is now considered unlikely 
for most of these autoxidation reactions occurring in the liquid phase.
The autoxidation of diethyl zinc in xylene is unaffected by the addition of 
inhibitors such as methyl methacrylate, m-dinitrobenzene and pyridine (9l. 
"Tert” butyl boron has been autoxidised in the presence of quinol without 
the formation of benzoquinone (7], Under favourable conditions, however, 
a homolytic mechanism may occur. Thus carbonyl chloride has been 
detected when di-isobutyl-t-butyl boron in carbon tetrachloride solvent 
was allowed to take up oxygen [68]. A chain process has been proposed 
for the vapour-phase autoxidation of diethyl zinc [51 ]* The autoxidation 
reaction proceeds with ease in all common organic solvents.
The initial peroxide is reduced by unreacted alkyl metal to give
the alkoxide:
ROOM + RM  --4 2 R'OM
hut large yields of peroxide can be obtained if the reaction is carried out 
(often at a low temperature) with an excess of oxygen.
The first clear demonstration of peroxide formation was given by 
Walling and Buckler [6] who added alkyl Grignard reagents to oxygen 
saturated ether solution at -80°:
Et 0 2
RMgX + 0  ) ROOMgX.
-80°
They proposed a coordination mechanism which was later given the 
more explicit form [7, 8, 9]s
R O' K R 0: ^  R".
I i i  i I
M kl.:0 K_ (-)M— ~0: '--M---0
j
This allows the mechanism to proceed in two ways. If the coordination
of the oxygen is facile and the 1,3 shift the rate determining step, then
$^ > K . If R moves as the oxygen attacks the metal, then = 0,
>>K.. The distinction between these two forms will be considered 2 1
later, but firstly the evidence for this general mechanism will be 
reviewed.
A lot of evidence is provided by the chemistry of boron. If the 
mechanism involves nucleophilic attack by the oxygen, polar or conjugative 
effects that increase the electron density on the boron will reduce the
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relative reactivity to oxygen* This Is borne out by the decrease of 
reactivity to oxygen along the series:
Alkyl-B> vinyl-B >  aryl-B,
R,B >  RoB0R >  RB(0RL
j c c
. R_B >  R-BC1 >  RBC1
3 2 2 (-) . (+) 
where such resonance structures as (+)<^  / — an{* ^B ~ C 1
can be written. It is noteworthy that a similar gradation of reactivities
towards bromine and hydrogen bromide is observed [69].
In the case of the alkyl series, the relative ease of oxidation of
boronic acids and anhydrides (trimerio alkyl boron oxides) is in the order
[70]:
n.alkyl <T sec.alkyl c. t.alkyl.
This fits in with the relative degrees of hyperconjugation possible 
with the three groups (increased hyperconjugation retards the reaction).
The relative ease of oxidation of Bu^ -Cd, Et^ Cd Me^ Cd [66] can be 
explained similarly. The order of polar effects for increased electro- 
philic attack on the carbon would also be:
t,alkyl sec.alkyl n.alkyl, but steric effects, which should
be even more important on the basis of Hughes and Volger’s work [18], would 
affect the rate in the reverse order.
Further evidence for the coordination mechanism is provided by the 
way in which the autoxidation can be prevented by external coordinators*
The autoxidation of ”tert”-butyl boron is inhibited in the presence of 
n,propylamine [7] and that of tri-sec.butyl boron is completely inhibited
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by benzylamine [71]. The autoxidation of the less reactive boronic acids
(RBCOH^) is inhibited by water [72]* The ammonate of trimethyl boron
Evidence for the 1,3 shift is provided by studying the relative 
migration of alkyl groups in a mixed alkyl metal,
The migration is an electrophilic process and should be in the order t.alkyl^ 
sec.alkyl primary,alkyl.
If* on the other hand, the process proceeds via an S^ i mechanism, one 
would expect the steric effects to be more significant than the polar effects, 
and the order of migration to be primary alkyl .>* sec.alkyl tert.alkyl.
Unfortunately, most unsymmetrical metal alkyls that react with oxygen 
symmetrize by alkyl exchange. One stable mixed trialkyl boron is known, 
di-isobutyl-tkbutyl boron, and it has been shown [68] that the relative 
rates of migration for the uptake of the first mole of oxygen arej t.butyl 
(4*5) ^  isobutyl (1) in accordance with the coordination mechanism. It 
was hoped to provide in this work a similar demonstration using the 
unsymmetrical dialkyl zincs, but this has not proved possible as yet, as
is claimed [69] to be inert to atmospheric oxygen.
Under these conditions only the (below) affect the relative
migrations:
R. OOMR,‘2
R200MR.
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indicated in the discussion.
Taken all together, the evidence appears to be in favour of an 
initial nucleophilic attack on the metal followed by electrophilic attack 
on the carbon in the cases considered, rather than an S^ i mechanism.
We return now to the relative importance of the coordination and 
migration steps in the proposed mechanism. One way of differentiating 
between the two extremes k^  an<^ s^ ^ 7 reia’tinS ^ ke peroxide
formation to oxygen uptake. If the peroxide formed lagged considerably 
behind the uptake it would imply that a stable non-peroxidic Og)
intermediate was formed, and that Zutty and Welch [73] describe
some experiments in which 1 fo hydrocarbon solutions of tri-n-butyl boron were 
saturated with a 10-fold excess of oxygen and quickly purged with nitrogen; 
the total peroxide steadily increased l*ng after the solution had been 
purged. They conclude that the oxygen complex initially formed only slowly 
rearranged to the peroxide. They do not specifically indicate any test 
made to ensure that all the oxygen was removed by purging, and are unable 
to explain the increased rate of formation of peroxide at lower temperatures 
(-78°), In the case of di-n-propyl zinc (see the experimental section page 
16b and graphs 2 and 3) where the oxygen uptake can be stopped by rapid 
hydrolysis of the dialkyl, the peroxide is closely related to the oxygen 
uptake until autoreductive processes set in.
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CHAPTER V
The Nitrosation of Organometal Compounds
The reaction of nitric oxide with organometallic compounds appears 
to he very general, and it has been shown that nitric oxide reacts with the 
following organometallic compounds in Groups I - IV. These reactions were 
all carried out at room temperature and atmospheric pressure in the solvents 
indicated in Table 2, The reaction has been studied quantitatively and 
the amount of NO which reacts (per mole of organometal)is shown where 
applicable.
TABLE 2
Organometal Solvent Moles of NO absorbed. Ref.
BunLi cyclohexane,heptane - 74
PhMgBr Ether - 75
PhMgBr H
*
ro o 1.0 76
MeMgl Ether - 75
Pr^gCl Pr^O 1.2 76
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TABLE 2 (Cont’d)
Organometal Solvent Moles of NO absorbed. Ref.
BulMgCl Ether 1.1 76
Me^ Zn Ether - 77
Et^ Zn Ether ~ 77
Pr^ Zn Ether, benzene, cyclo- 
hexane
2.0 76
R2Zn (R =» Me, 
Et,Prn,Bun)
Ether,
cyclohexane
2.0 This work
Me2Cd Cyclohexane 2.15 76
PhgCd Ether - 78
Bu^ _B
5
Cyclohexane 2,0 76
Xylene - BunNH2 0.0 76
Ph„B
j
Xylene, cyclo­
hexane
■1.6* 76
Et._Al.Et-0 
5 2 Ether - 79
Et2AlCl Cyclohexane 2,1
l .
76
* Some prior oxidation of the Ph_B appears to have occurred,
j
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The general reaction has been formulated, as [76]:
, V
R R N: (+) NO
| (-)M— *-6
vr ^  : n
(+)
R ^  N—  N— 0 
x
''X R N-*4J.-=0
M 0=N:^(-)M----0 .v „ M 0
\  , R- N- V 4
I
M ~ 0
Evidence for this is that treatment of the hydrolysed reaction 
products with copper oxide provide the alkyl analogues of N-nitrosophenyl- 
hydroxylamine (cupferron): Cu(O.N(NO)r)2. The product of the reaction of 
NO with di.n,propyl zinc on hydrolysis gave the zinc salt: Zn(0.N.(NO)Pr.)^ , 
the suggested structure of which is in accord with its p.m.r, spectra.
None of the compounds investigated quantitatively showed I.R, absorption 
in the region expected for coordinated N0+ (1500-2000 cm [80].
The evidence for the coordination mechanism is that the nitrosation 
of BuX B^ is inhibited by n.butylamine [76], which can prevent coordination 
of the N 0 to the boron by prior coordination, and that organometallic 
compounds of group I - IV which are very weak Lewis acids do not react with 
nitric oxide, e.g. Et^ Sn [81], Ph2Hg [82]. It is noteworthy that those 
organometals of Group I - IV which react with oxygen also react with NO, 
and it has already been suggested that the autoxidation reactions proceed 
by a coordination mechanism. Nitric oxide is known to form a coordination
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complex (ON:BF^ ) with BF^ , and also BCl^  [83].
Studies in connection with the unsymmetrical dialkyl zincs are 
considered in the Discussion Section.
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CHAPTER VI
The Halogenation of Organometal Compounds
The kinetic and stereochemical studies that have been carried out 
on organomercury and organotin compounds are discussed in this chapter.
(a) Organomercury compounds
(1) Bromination
No kinetic studies have been reported.
Jensen has reported on stereochemical studies in a variety of solvents. 
He brominated the cis and trans isomers of 4-niethyl cyclohexyl mercuric 
bromide [84] and the (+) and (-) isomers of sec-butyl mercuric bromide [85]* 
His results are tabulated in Table The results are interpreted as
follows: in carbon tetrachloride and carbon disulphide the reaction proceeds 
by a free radical mechanism; in other solvents, by a combination of polar and 
free radical paths. The free radical path appears to be inhibited by 
oxygen. The polar reaction is preferred in polar solvents, but this may 
be because either it is assisted by the solvent or the free radical 
mechanism is inhibited. The relative tendency to the polar reaction is 
less with the sec-butyl group than with the 4-methyl-cyclohexyl group.
The steric course of the polar reaction is retention of configuration.
(2) Iodination
Kinetic and stereochemical studies have been carried out on 
iodination by molecular iodine and by the triiodide ion.
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TABLE 5
The stereochemical results of Jensen et al on the 
bromination of 4-methyl cyclohexyl- and 
s-butyl- mercuric bromide
- : ' r
Compound 
and isomer
Brominating
agent Atmosphere Solvent Temperature
io Retention
4-methyl- 
cyclohexyl 
mercuric 
bromide.
Based on % cis 
and trans iso­
mers of 4- 
methyl-cyclo- 
hexyl bro­
mide formed.
Trans bromine H2 cci„ 0° 0
trans « 1 cs2 0°
n
0
cis it 1 cci4 0 0
trans n 1 CS2(1$
EtOH)
0° 8
trans ti I CH-COOH3 25°
18
cis 1 I CH„C00H3 25
11
trans it 1 CHC1
3
{.157°
EtOH)
0° 3
trans it Air cs2 0°
A
0
trans ti ti CH^ COOH 25
o
8
trans i it MeOH 25 85
trans it it CHC1_
J
0° 92
trans Hypobromous
acid
i
it Dioxan/
water
(50/50)
25° 90
— ...........  j
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TABLE 5 (Cont'd.)
Compound 
and isomer
Brominating
agent Atmosphere Solvent Temperature fo Retention
4-methyl~
cyclohexyl
mercuric
bromide.
Based on $ ds 
and trans iso­
mers of 4- 
methyl-cyclo- 
hexyl bro­
mide formed.
cis Hypobromous 
acid 
0.1 N H2S04
H2 Dioxan/water
(50/50)
0inCJ 0
trans Br2/ZnBr2 Air CH-COOH3 25°
92
cis Br2/ZnBr2 H2 CH COOH 3 25°
18
trans Br2/pyridine Air Pyridine 25° 100
trans H H2
I 25° 100
cis n Air n 25° 100
cis 1 H2 1 25° 100
cis Br+(py)BrO^ Air CH-COOH3 25° 79
trans It Air n 25° 98
cis n ■ N2
it 25° 60
trans it N2
1 25° 73
:------------
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TABLE 5 (Cont’d)
Compound 
and isomer
Brominating
Agent Atmosphere Solvent Temperature fo Retention
Sec-butyl
mercuric
bromide.
Based on the 
rotations of 
the R-Br 
produced.
(+) Br_2 Air °s2 25° 0
(+) ii i Cs2(l0fo
MeOH)
25° 5
(+) I ti CH2C12
(1<$
MeOH)
25° 11
(-) I i CHpC1?
(10f 
MeOH)
25° 12
(-) Br2/py i Pyridine oD 86
(+) Br2/py n Pyridine -45° , 99*7
(-) Br^ /base
t
ii y colli- 
dine/30$ 
pyridine
-65° 100
t
Keller is reported [86] to have studied the reaction of alkyl mercuric 
iodides with iodine in dioxan. The reaction was very sensitive to light 
and peroxides and was strongly retarded by oxygen. Rates measured in 
solutions in equilibrium with an atmosphere of air or oxygen were 
approximately second order in iodine and zero order in the alkyl mercuric
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iodide* The rate was insensitive to changes in the structure of the alkyls 
and was approximately inversely proportional to the oxygen concentration.
The reaction was formulated as a free radical ones
I' + RHgl > R- + Hgl2
R' + I2 -) RI + I* '
Winstein and Traylor [87] found similar results for 4-camphyl mercuric 
iodide.
Thorpe [13] reports on a preliminary kinetic study of the reactions,
RHgl •+■ — f RX ■+■ Hgl^
RHgBr + I2— > RI + HglBr
in methanol. He found that only the first order rate constant for the 
iodine was approximately invariant to change in the reactant concentrations, 
and, even for this, deviations were large. The reaction was studied in
solutions saturated sometimes with nitrogen, sometimes with oxygen. It
was concluded that the reaction was slowed down by oxygen. No stereo­
chemical studies were reported.
Reutov and co-workers report [88] on the reaction of benzyl mercuric 
chloride with iodine in carbon tetrachloride and also in dimethylformamide 
at 25°» The reactions appear to have been carried out in an atmosphere
of air. In carbon tetrachloride the reaction was photochemical, its
rate 1st order in iodine and zero order in the organo mercuric chloride.
It was not inhibited by hydroquinone or m-dinitrobenzene. A radical
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mechanism is suggested although no explicit equation is given. In dmf. 
the reaction mechanism appeared to be mixed, consisting- of both the radical 
and electrophilic paths. Addition of benzoyl peroxide accelerated the 
reaction.
Keller [86] found that the reaction of alkyl mercuric iodides with 
triodide ion (l2 + Li-l) in aqueous dioxan proceeded via an ionic
mechanism, rate = k2[l,^ ][RHgl]. The polar mechanism in the case of 
neophyl Hgl was slow enough to allow the competing radical mechanism to 
contribute to the total rate, unless the initial iodine concentration was 
low; (radical rate polar rate a[l2] ). Winstein [87] obtained
similar results with 4-camphyl mercuric iodide which necessarily reacts 
with retention of configuration because of its bridge structure.
The relative rates of iodination (also included are the acetolysis 
rates) were:
n. butyl 4«.camphyl neophyl
RHgl + I2 + I> (55°) 65 u  ,
in 90io dioxane.
R2Hg+ Ao® (25°) g6 3>1. ,
in AcCK,
The following 4 centre transition state was put forwards
-c.....be — -1
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Reutov and workers [89] report on the reaction,
fMT
pHCH^ HgCl + I 2 PhCII^ I + 3gClI
in a variety of solvents^  The reaction rate was second order in each case. 
The rate in the different solvents was in the order methanol 90$ • 
dioxan> ethanol>  dmf. ; this was attributed to the increasing complexing 
power of the solvent on to the alkyl mercury halide and the corresponding
' - • ' r ■
weakening of the C - Hg bond.
The reaction between cis and trans isomers of P-chlorovinyl 
mercuric chloride and iodine in the presence of cadmium iodide proceeds 
with strict retention of geometric configuration in 85$ aqueous dioxane [90] 
and absolute methanol [91 ]• In these solvents, as well as dmf. [92], the 
reaction followed second order kinetics, first order in each reaotant, 
and the relative rates in the different solvents were:
Methanol 85$ aqueous dioxane ]> dmf.
In conclusion, it appears halogenation by bromine and iodine can 
be induced to proceed by either a radical or polar path (or both). The 
radical path is accompanied by racemisation, and is insensitive to polar 
or steric effects in the alkyl that is attacked. The polar path appears 
to be a bimolecular electrophilic substitution process, to be sensitive 
to steric effects, and to proceed with retention of configuration.
(b ) Organotin compounds
Qualitative studies 011 the relative rates of cleavage tf alkyl 
groups from unsymmetrical tins by halogens (Cl^ f Br^ , Ig) are in
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accordance with the Kharasch series already noted in the case of the 
halogen acids (see p.4L )•"
A quantitative study [93] of the reaction,
R„Sn + I„ ._f?l R SnI + RI (R = Me, Et, Prn, Bun, allyl),
4 2 7 3
revealed the rate to be: k^SnR^I^]. The reaction is not affected by
added iodine ion (i*), and it was shown that the I! produced in the reaction
(from dissociation of the organotin iodide) did not feature in the kinetics
of the reaction*
The following relative rates at 20° were observed:
Me (8.5)> Et (1.0)> nPr (0.13)> n.but ( 0 . 0 5 ) allyl (c.24 x 106).
The reaction was regarded as a bimolecular electrophilic substitution
(S„2) with the following transition state: h
H I-- -I 6"
\
R C/
/  'v S+
H xSn ~V,
The rate sequence was considered to be due to increased steric repulsion 
between the incoming and outgoing groups.
Because of the exceptionally high relative rate of substitution of 
the allyl group, a modified electrophilic substitution free from steric 
effects was proposed. The transition state put forward was:
R Sn - CH - CH = CH„ 4' I - I 
No mention was made in this study of any effects due to oxygen,
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and the reaction was apparently carried out in an atmosphere of air. This 
is the only reported case of iodination of an organometallic by iodine 
(i.e. not I^ /l') in which kinetics corresponding to only an Sg2 reaction 
have been obtained*
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CHAPTER VII
Alkyl Exchange Reactions of Organometal Compounds
Alkyl exchange appears to be an important property of many of the 
alkyl metal compounds. Exchanges, where the products are the same as 
the starting materials, have been observed by studying the p.m.r. spectra 
of the mixtures. Exchanges, where the products are different, have been 
detected by isolating the products.
It was suggested in Chapter I that exchanges, involving only alkyl 
groups for alkyl groups might proceed via an alkyl bridge mechanism. An 
independent mechanism (i*e* different from electrophilic substitution 
by the metal on the Carbon atom) was proposed because :
(1) the exchangee under consideration are very much faster than 
the electrophilic alkyl exchanges observed with organomercury compounds;
(2) alkyl for alkyl exchanges are not considered to occur in the 
mercury system other than through intermediate processes involving mercury 
attached to a halide or other anion[2]•
Before considering the alkyl bridge mechanism in detail, an addi­
tional mechanism must be mentioned. The relatively slow (and thermally 
sensitive) symmetrization of unsymmetrical alkyl metals (alkyls of B,
Zn and Hg) or the alkylation reactions of dialkyl mercury may additionally 
or only proceed by an independent homolytic path. This condition needs
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to be introduced because these reactions occur as easily, if not more 
easily, for branched alkyls as for n.alkyls* The alkyl bridge mechanism, 
however, is assisted by the hyperconjugative effect, the relative order of 
which is : Me n.alkyl y sec.alkyl y  tert.alkyl.
The evidence that suggests that the alkyl bridge mechanism is an 
independent leaction path is listed below. It is discussed at the end 
of the chapter.
(1) An alkyl bridge has been shown to exist, by X^ ray crystal
analysis, in the dimer Me^Al^ in the solid state [94-]* The molecular
weight measured cryoscopically in benzene solution corresponds to the
dimer Me^ Al- [95]* Molecular association (limerization) in benzene solu- o 2
tion gradually decreases along the n. alkyl series, while tri-isopropyl 
aluminium is monomeric [95] •
(2) Recent work has suggested that exchanges of alkyl groups, parti­
cularly methyl and ethyl, are common. Data is only beginning to collect 
and it is not possible to correlate quantitatively different workers* 
observations. Some of the main observations to date are :
(a) The p.m.r. spectra of Me A^l in benzene at room temperature shows 
only one sharp peak [$6], This means that if the bridge structure 
is present, then the methyl groups must be exchanging rapidly. In 
short, the bridge is dynamic, which is essential if it is to pro­
vide the path for an exchange mechanism.
(b) P.m.r. studies [10] indicate that the following bridge structure
Xexists in the system ^ MegAl^  + 2 AlBu^ ;
Bu1 Me. Me
\  • • xX  - . /
Al* * .Al
• * N
y  * • * \  i
Me * Me * Bu
As the AlBu1 ratio increases structures such as
Bu1 Me Bu1 Bu1 Bu1 Bu1
X. ♦ • x
Al* * \Alr and
\
" Al.
• m• »
# jX
• * 9
Bulx" *Me*
X
Bu1 Bu1 "
*
Me.* X Bu1
corresponding to AlBu1
Me^Al^ *
4 )\ A^lBu1 10 ) \
1 ! (MQ6A12 ■
■were detected,
(c) The bridge is not limited to aluminium alkyls* Exchange of
9
alkyl groups between R^ Al and R^B is very fast at room temperature 
and traces of RJU. catalyse the exchange between two different
j
trialkyl borons [ 97? 98] •
(a) P*m*r. studies [96] reveal that, Me^Al/Me2Cd exchange rapidly 
in benzene; Me^Zn/MegCd exchange rapidly in nitrobenzene, pyridine, 
benzene and cyclohexane; if Me C^d/Me^ Hg and Me^Zn/Me H^g exchange, 
then the exchange is slow.
(e) A mixture of Me,Tl and Et,Tl in dichloromethane when cooled to 
-85°, gives lines corresponding to TlMe^ Et and TlMeEt^  in the
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p.m.r* spectra [99].
t i(f) In contrast, Bu Bu^ B is completely resistant to disproportiona- 
tion under conditions of efficient fractionation at temperatures 
below which thermal isomerization of the t.butyl group occurs [100],
(g) In the systems R^Al/R '^B (R = Me, Et; R1 = Bu, Bu1); / 
Rya/Rg'Zn (R = Me, Rf = Et, Pr; R ~ Et, Rf = Bu); R^B/R^Zn
R = Et, R* = Me), and RMgBr/R^ *B (R = Et, R* = Bu) exchange was de­
monstrated by distilling off the more volatile product [101],
E.g. Me,JO. + Bu.B Bu,Al + MezB - collected in cold trap.
& 3 3 3 3
EtMgBr + Bu^ B BuMgBr + Et^B - distilled off.
Exchanges involving methyl groups generally occurred more readily(at 
a lower temperature) than the ethyl ones. However, there is no 
exchange between Bu^ Bu^ B and Bu^ MgBr in refluxing ether after six 
hours [100],
No indication is given of the rate at which these exchanges 
occur. They may be much slower than the other alkyl exchanges 
under consideration here. Because they were carried out at high 
temperatures the possibility that they involve a homolytic path 
cannot be excluded.
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(3) Exchange appears to be inhibited by coordination or back
donation of electrons on to the metal. Thus methyl exchange
between Me,H/Me,JO.OMe and Me,Al/Me„A1.NEt, is slow, if it occurs, 
j £ j D j
*fcbut some exchange does take place in the system Me A^lOBu and 
Me i^l [10].
(k) The exchange can be blocked by other groups bridging the metal 
atoms. Thus p.m.r. studies on the undiluted liquid reveals [ll] 
that there is exchange between the ethyls in EtgAl^ at room tempera­
ture but hardly at all at -60°; there is exchange in a 1 : 1
mixture of Et,Al and Et^ AL Cl at room temperature, but hardly at
j
-33°; tut there is no exchange in Et^ AlCl between room temperature 
and -60°. This implies the following bridge structure :
Et Cl Et
\  /
El* ' Al
/  '* *’ \Et Cl * Et
This is important because if these exchanges were occurring by an
electrophilic path they would be more favoured in the case of 
EtgllCl compared to Et^ Al.
The following kinetic and stereochemical information about these 
alkyl exchange reactions has been reported. The exchange between 
Me^ Al/Me^ Cd and Me^ Zn/Me^Cd follow roughly second order kinetics [ 96]*
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The alkyl bridge mechanism would be a bimolecular mechanism* The second
- 1 - 1
order rate constants in benzene at 25° were respectively ^  60 l*mole sec 
and 5*4- L.mole s^ec \
The exchange
(-)2-cctyl Li + di(-)s*bu-tyl Hg -~-t» (-)s.butyl Li + (-)2-octyl(-)s,butyl Hg
paitane
•1 C02
butyric acid (+ capiylic acid 
from unreacted 2-octyl Li) 
proceeds with not less than 86% retention of configuration [102], but the 
study is difficult because the product (RLi) is not optically stable.
Two observations can be made from these results.
(1) Exchange appears to be easier in the Me-M/Me-M systems than in 
the R-J//B.-M systems. Perhaps one may interpolate the exchange Me-M/R-M 
between these.
(2) Exchange seems to be easier the more readily the metal atom 
can accept electrons. The predicted order for this would be j
Al > Li 'y B, TI Zn Cd Hg considering the metals 
for which exchange has been observed. As has already been indicated the 
exchange between Me^Al/Me^Cd is 12 times faster than the MegZn/Me C^d ex­
change, while the Me^^n/Me^Hg and Me^Cd/Me^ Hg exchanges are much slower 
still.
These observations are in accordance with the alkyl bridge 
mechanism as envisaged.
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The Purpose of the Work
This work describes some competition reactions between reagents 
such as oxygen,,nitric oxide, p-toluidine and iodine and a number of (a) 
mixtures of symmetrical dialkyl zincs (R^ Zn/R'^ Zn) and, (b) unsymmetrical 
dialkyl zincs (RZnR’)» It was felt that these experimentally simple 
competition reactions could provide valuable information about reaction 
mechanisms of organometals.
Zinc dialkyls were chosen because they are stable, monomeric 
liquids, unassociated in organic solvents, capable of purification by 
fractional distillation. The unsymmetrical dialkyl zincs are the only 
stable unsymmetrical organometal compounds which, like the symmetrical 
dialkyls, exhibit all the typical reactions of organometal compounds. Both 
R^Zn/R^Zn and R’ZnR were used in the studies because
a) the R and R! react differently relative to each other in the 
two cases, and
b) comparison of the two cases provides additional information about 
the reaction mechanism. This is clearly seen in Parts 5 and 6 of this 
Discussion.
The autoxidation reaction was studied because this technique had 
been used for trialkyl borons [68]. Although our results for this 
reaction were negative, it showed that the competition method was 
practicable for zinc, and so it was extended to the other typical reactions 
of dialkyl zincs.
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Introduction
In the following discussion we shall examine the analytical methods 
used in this work, the preparation and purity of the symmetrical and 
unsymmetrical dialkyl zincs and then, separately, the various reactions we 
have investigated (viz. autoxidation, nitrosation, acidolysis and iodination)# 
Finally, we shall review these reactions together to draw any general 
conclusions about the reaction mechanisms of dialkyl zincs and to suggest 
the course further studies in this field might take.
Before proceeding we must define the term ’moles” which is used 
frequently in the discussion;
Moles of A —
e.g.
Moles of oxygen =
Moles of ’’active” alkane =
g. moles of ”activ# dialkyl zinc = i g. moles of alkane evolved on hydrolysis. 
For pure dialkyl zincs, moles of ’active" alkane = 2.00.
g.moles of A (generally the reagent) 
g. moles of B (generally the reactant)
g. moles of oxygen
g. moles of ’active” dialkyl zinc
g. moles of alkane evolved on hydrolysis of
g. moles of dialkyl zinc
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Part 1. The Analytical Methods 
(a) The Analysis of the zinc alkyls
In this work the zinc alkyls were analysed by a novel method. The 
moles of zinc present were found by titration of the hydrolysed material 
using E.D.T.A. In conjunction with this, the alkane evolved on hydrolysis 
was measured using the gas burette (or in the case of Me^ Zn, by collecting 
the gas over NaOH solution using CO^  as a flushing gas). For pure samples 
these two results were self-consistent. The important feature of this is 
that the reactive nature of the materials makes a random error feasible, 
particularly in the metal analysis. The two resulbs taken together 
indicate whether random errors or consistent deviations are occurring.
Thus the forerun of the n-prop. Z^n fractionation (p.l$l) analysed as 
follows:
n -3g, moles of Pr^Zn in the sample, assuming 100$ purity 0.88 x 10 #
-3g. moles of Zn found by E.D.T.A. analysis 0.77 x 10 •
•“3g« moles of alkane liberated by hydrolysis (RH). 1.50 x 10 .
The zinc analysis shows that if all the zinc is present as Pr^ Zn, the 
sample is 87$ pure (by weight). The alkane analysis confirms this and shows 
that, indeed, the zinc is present as Pr^Zn - the RH/Zn ratio being 1.96 and 
the theoretical value being 2.00.
(®) The quantitative use of the Gas Liquid Chromatograph
The Gas Liquid Chromatograph (G.L.C.) used in this work was a
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Shandon flame thermocouple detector in which the carrier gas is burnt below 
a thermocouple after elution. It has been shown [103] that the relative 
responses of compounds eluted from the column is given by:
g. moles of compound 1 _ Peak area of 1 Heat of Combustionfner g.mole\f2
g, moles of compound 2 ~ Peak area of 2 Heat of Combustion(per g.mole)of1 <
Heats of combustion were obtained from a number of sources (viz: Timmermanns;
Dictionary of Organic Compounds, Heilbron and Banbury; The Rubber Handbook),
!
They were accurate to well within the experimental error (4-5$) when compared ! 
with a recent survey of the best known values [104]. j
The G.L.C. was used quantitatively principally in the analysis of 
the alkanes butane, propane, ethane and methane. The alkanes arose from the 
hydrolysis of either the zinc dialkyls, or in. the competition reactions from
*RZnX where X = OJtf^ R, HN.CrHylCH„, or I. It was possible to get the same j2 2 r 6 4 3 j
‘
response (i.e. to.better than 5$) for the same volume (measured on a 
tuberculin syringe with markings down to 0.01 ml.) injected on to the 
column* In the case of butane, using conditions described on pp. 134* 13&* 
a response of 0.1 mV. (1” deflection from the base line at maximum sensitivity) j 
was produced by 1 ml, of a 0.2$ concentration of butane. The ratio of 
alkanes, in a sample from a mixture, as detected on the column, was 
constant to better than 5$.
The response of the thermecouple was checked at the beginning and end 
of a series of runs. There appeared to be a slight loss of sensitivity 
with time. This was not investigated because it was well within the
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experimental error of the method.
The second observation reported above (that ratios were constant), 
was the basis of nearly all the quantitative observations reported in the 
experimental sections (see Sections 2.4-6). The first observation 
(constant response for a given sample) was relevant to both of the sets of 
experiments in which the gas evolved on hydrolysis after reaction with 
some reagent was flushed into a receiver of definite volume and estimated 
only by reference to the response produced on the G.L.C, (the oxidation and 
iodination experiments). It indicated that the deficiency of alkane on 
hydrolysis after oxidation was real, and not the operation of some error 
in the estimation of the alkane (see Experimental Section 3*c). As 
indicated in the experimental section over 60$ of the iodine experiments 
balanced, i.e. the moles of alkane evolved was equal to the moles of active 
alkane less the moles of iodine (i^ ) added, to better than 5$, and the more 
serious discrepancies (5-15$) only occurred whilst the method was being 
developed. This indicated:
(1) the reaction proceeded quantitatively,
(2) no other reaction (other than hydrolysis) was occurring to a 
significant extent. E.g. oxidation (see Experimental Section 6).
The G.L.C, was used quantitatively in the estimation of alcohols 
formed by hydrolysis of zinc alkoxides (see p.175)* Preliminary
calibration of the instrument with ethereal solutions of propanol, butanol 
and octan-2-ol of known concentrations revealed large errors were occurring 
(Table 4):
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TABLE 4
Comnound 1 Propanol Propanol Butanol
Compound 2 butanol octan-2~oI octan-2-ol
Peak area ratio expected 1.38, 1.92 0.75, 0.60 0.31, 0.55
Peak area ratio observed 1*23, 1.67 0.48, 0;44 0*26, 0.39
The method was still used however* The reasons for accepting 
the results of this analytical method are discussed under the autoxidation 
reaction heading. (See p. 88).
It is suggested that the errors in the a3cohol ratios arise from 
the more volatile alcohols evaporating more quickly in the ether.
(C) The Kinetics of Competition Reactions
Under the appropriate conditions competition reactions can indicate 
the relative rates of the competing reactions. They have been strikingly 
used to elucidate the orientation of electrophilic substituents into the 
benzene ring [105]•
Two distinct types of reaction were studied in this work. In one 
type, the reagents competed for the different alkyl groups in the same 
compound (the unsymmetrical dialkyls); in the other, for the different 
alkyl groups in different compounds (the mixture of symmetrical dialkyls). 
The kinetics for these two types of reaction are different, and are 
considered in turn:
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(1) The Unsymmetrical Dialkyl Zincs
When a reagent cleaves off one alkyl group from such a compound, 
the two possible routes are (with a reagent, say, AB)
R-Zn-A + RfB
R-Zn-R* + AB
Rf-Zn-A + RB
k and k; refer to the relative rates of cleavage of R- and R*- from the 
alkyl R-Zn-R* by the reagent AB. It can be shoxm [106] that can be 
obtained from the ratio ^ V^’A (or from the ratio ) at any time during
the reaction. Hence if a deficiency of AB is used, then the above ratio 
can be found at the end of the reaction, when:
k = R* ZnA _ RB
k! RZnB R*B
Further, this equation holds good whatever the orders of the two reactions
are, provided only that they are of the same order. k/k’ can thus be
found quite easily by an examination of the reaction products.
The only complication arises if both alkyl groups can be removed
from the zinc by the reagent AB. Consider the acidolysis of RZnR' by
HA:
HA + R-Zn-R'
R-Zn-A + R'-H
R’-Zn-A + R-H.
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k EHwhere 7*. => *k* R'H 
If succeeding reactions occur, such as;
RZnA + EA —> ZnA2 + RH,
then if they are slower than the initial reaction (it has been shown [121] 
chat the second alkyl group in Pr2Zn is cleaved some five times slower than
the first alkyl group by p-toluidine in refluxing di-isopropyl ether), the
k RP r "i 0ratio ~f as given by j-fg. will be nearer the correct value if lEA]
[RZnR*]0, as then the succeeding reactions will have progressed only to
ka very small extent. Furthermore, the closer to unity is the ratio ™, , 
the less the error from the succeeding reactions,
[ha1°As can be seen from Table 5# over quite a wide range of r^~ rjO ,
kthe ratio —t alters only slightly:
TABLE 5
HA = p-toluidine used in moles k
= [HAp/tRZnR1]0 by definition k’
0.49 1.99
0.86 1.92
0.88 1.94
0.90 1.91
RZnR* = EtZnPr. Data from Table. 26, Experimental Section 5.
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(2) The Mixture of Symmetrical Dialkfl zincs 
The relevant processes are now:
R^ Zn + AB  jf..y RZnA + RB,
R» Zn 4 AB k* R’ZnA + R»B,2 ?
and in this case is given by [107],
/ ■ ■
— as log* of fraction of R?Zn remaining
k* log# of fraction of R^  Zn remaining
Again, provided AB is in a deficiency, the ratio can be found at the end 
of the reaction#
Once more complications occur if successive reactions occur, and
should again refer to the case in which [ab]° << [R^ Zn]0’ and [R^Zn]0#
If this is so, however, the fraction of R^ Zn remaining becomes very close
to unity, and has to be found with extreme accuracy. Table 6 shows,
however, that even over a fairly wide range of — ~
[total E2Zn]° k’
varies only slightly.
TABLE 6
R Z^n s= Me Z^n
Rl Zn = Et Z^n 2 2
Data taken from Table 26,
in Experimental Section 5#‘
Thus, in bcth cases, the values of we obtain, do represent the 
relative rates of'cleavage of the alkyl groups R and R'.
Moles cf p-toluidine
(_ [ab]° \ £
k1
^ Ltotal R2ZnJ"J
0.49 0.56
0.57 0.46
0.65 0.41
0.65 0.42
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Part 2. The Preparation, Purity and 
Dialkyl Zincs
Table 7 contains the analysis and boiling points of the symmetrical 
dialkyl zincs prepared, together with the corresponding data for the 
authentic materials wheris known. The comparison indicates that the 
dialkyls were pure*
TABLE 7
The Purity of the Symmetrical Dialkyl Zincs
i
Com- J b.pt, of compound % Zn moles of 
active
alkane
Yield
%pound as prepared as prepared by 
ref [ 1 . .. .
found calculated
Me Z^n
X
44.4°/760 mm. ii4°/760mm[.1073 67.7 67.5 - 85
Et Z^n 51-52°/75 mm. 117.7°/760mm[107] 53.0 52,8 2.04 67
l6°/9.5nan[108]
Pr^Za 4.8.5-49°/l5 mm. 39-40o/9mm[105] 42*8 43.1 2.01 54
2f8°/lOmm[ 108]
Bu^ Zn 6l°/4 mm. 8l-82°/9mm[109] 36.5 ■36.4 1.95 38
Temp, corrected! all other temperatures in column 2 uncorrected.
Regular checks on the active alkane indicated the thermal decomposi-
tion of pure material was slov* under the conditions -stored* (i.e, under
A
-78-
drikold). Diethyl zinc showed no apparent loss of activity after six 
months, di~n~propyl zinc changed from 2.0 moles to 1*9 moles active 
alkane after one year. Any proposed mechanism of this decomposition 
must account for ;
(1) its thermal dependence,
(2) the apparent absence of alkenes, r
(3) the deposition of zinc.
A homolytic mechanism is envisaged and the following reaction path is
suggested : ' .
(1) EZijR - l0W > E. + 'jSZnE
(2) a. + .ZnR — -a3-> EZnE
(3) a. + a. —  s4  a-a
(4) EZn. + EZn. RZnR + Zn
Stage (4) is to account for the symmetrization of unsymmetrical dialkyl 
zincs by this mechanism. v
The preparative method using the reaction between zinc chloride 
and a G-rignard reagent [ 52, 110] :
ZnCl'2 + 2RMgX --> RZnR + 2MgClX
was investigated and found to be feasible. It was, however, impractical 
if Noller’s method [109] was alternatively available. The n.dialkyls 
could be produced in much better yield and greater quantity by Nollerfs 
method. Thus in the case of di-n-propyl zinc and di-n-butyl zinc the
G-rignard method yielded a maximum of 15 g. of dialkyl in not greater than 
60% yield. 100 g. of dialkyl can readily be prepared by Noller's method 
in 70 — 75^ yield.
Noller’s method consists of adding undiluted alkyl bromide/iodide 
(50/50 w/w,) to a zinc copper couple. The alkyl zinc halide produced, 
is thermally decomposed (generally at about 100 - 150°C) to give the 
dialkyl, which is pumped off. Several sophisticated methods appear in 
the literature for the preparation of the zinc copper couple [llla,b,c].
The method first suggested^ 109] of heating an intimate mixture of 
Zn dust and 8$ w/w* CuO to red heat several times in an atmosphere of 
hydrogen proved quite satisfactory. For example, dimethyl zinc was pre­
pared in 8$yield, diethyl in Gjfo and di-n-propyl in 54^  yield by this 
method. Tie di-n-propyl yield could be improved by at least 10^ .
The preparation of dimethyl zinc by Noller’s method presented 
some problems. The boiling points of dimethyl zinc (44°) and methyl 
iodide (42°) are very close (methyl bromide was too volatile to use) - 
too close to be able to separate any unused methyl iodide from the product. 
It was therefore proposed to prepare methyl zinc iodide via Noller’s 
method and to pump off the methyl iodide. The methyl zinc iodide remaining 
would then be thermally decomposed to give dimethyl zinc. However, a large 
quantity of dimethyl zinc came over on applying the pump (without the 
application of heat). Clearly, the methyl zinc iodide rearranged to 
dimethyl zinc much more readily than the higher alkyl halides symmetrize,
possibly via the path s
X X X
x  # * X
Me - Zn Zn - X -4 Me - Zn * * Zn - X Me - Zn - Zn - X
 ^* Ny
Me *Me * N Me
It is suggested that it was dimethyl zinc, and not ’highly volatile methyl 
zinc iodide” that was observed in a previous preparation [Ilia], /The 
method eventually adopted for preparing dimethyl zinc free of methyl iodide 
was to reflux methyl iodide for two days in the presence of a large (X4) ex­
cess at couple. This is a simple adaptation of Bamford’s method [112],
The product distilled at a slightly higher temperature than the literature 
value for dimethyl zinc, but analysis indicated the product was pure.
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The boiling points and ratios of the products (see Table 8), 
suggested substantially pure unsymmetrioal dialkyl zincs had been obtained# 
This was not sufficient evidence, however, and had to be considered in 
conjunction with the following observations :
(1) Work here showed that the fractionating apparatus could 
separate a mixture of adjacent n.alkyls efficiently, indicating that they 
do not co-distill (see G-raph 1, p, 15$* However, the apparatus could not
separate a mixture of RgZn, RZnR*, and R^Zn for adjacent 2 and Rr (R,Rf »
RHn*alkyls), but the middle fraction has the ratio = 1* If it contained
a significant proportion of symmetrical dialkyl zincs, either RH or R*H 
would be expected to be in excess according to where the cut was taken*
(2) Krause and Fromm [108] separated unsymmetrioal dialkyl zincs 
(from symmetrical ones) by more efficient fractionation# They showed 
propyl zinc ethyl had not rearranged (symmetrized) significantly after 8 
days (after storing presumably at room temperature)# Branched n#alkyls 
were less stable. This suggests the symmetrization occurred by a process 
associated with the thermal decomposition of the diaikyls (presumably 
homolytic as already suggested) rather than alkyl exchange, although 
inability to prepare methyl zinc ethyl may be due to alkyl exchange#
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TABIE 8
The Purity of the Unsymmetrioal Dialkyl Zincs
Compound 
R R1
■
bcp, of compound 
as prepared as prepared by 
ref f ]
%Zn
found
calcul­
ated '
moles
active
alkane
RH
R‘H
EtZnPr11 42-40°/20nm, 27°/l0mra.[108] 47*2 47.5 1.97 1.00
PrnZnBun 38-43°/3mm. new compound . 39*8 39.5 1.89 1.08*
a ftThis indicated compound contained 4% Pr^ Zn, and was
96?o PrnZnBun.
(3) Unsymmetrioal dialkyl zincs were found to react differently with
nitric oxide compared with symmetrical mixtures. Thus mixtures of
symmetrical zincs (l/l ratio) gave l/l ratio of alkane on hydrolysis of
the product of nitrosation. The unsymmetrioal dialkyl zincs did not.
Summarising, P^Zn and R^Zn do not codistill, and RZnR* does not
rearrange rapidly to reaction with NO indicates some
RHRZnR* is present in the distillate; that the ratio of the distillate 
is equal to 1.00 on hydrolysis indicates substantially pure RfZhR has been
obtained.
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(b) Methyl zinc
The preparation of this compound has been attempted by1 Job and
\
Reich [113]. They obtained an intermediate fraction (’all distilled 
below 73°’’) but this dissociated (to an undefined extent) on redistilla­
tion..
Under the conditions used here there was definitely no intermediate 
fraction on distillation of the product. Two fractions, one boiling 
at A6° (Me^ Zn), one at 118° (Et^ Zn)^  were obtained* This result was con­
sistent with our observations on the instability of MeZnI, and it is 
suggested that an alkyl bridge is involved in the rapid symmetrization 
(which must occur by the mode of preparation, i.e. EtZnX + MeMgl 
MeZnEt  7 Et^ Zn + Me^Zn):
Me
A free radical path would be favoured . *
Me - Zn" * Zn - Et
n,alkyl s ethyl > methyl, whereas
the alkyl bridge would be in the
Et * 
i'
Me
. .. n\ x 1 * Me - Zn ^  Zn - Etorder Me ss Et > n.alkyl. y
Et
Part The Autoxidation Reactions
As outlined in the Introduction (p. 43), the autoxidation of 
metal alkyls of G-roups I, II and III has been shown [7] to give an alkyl 
peroxy metal compound
R - M + 02 --ROOM.
A co-ordination mechanism has been suggested [7, 8, 9] for these 
autoxidation reactions and may be written for the dialkyl zincs
R 0 R-- 0
|
(a) R - Zn ^  o  ^ R - Zn - 0
R R ^  0(+) R - 0
' rr f ! I
or (b) R - Zn 0o —  R - Zn T 0 — R - Zn - 0
2 ' - K  X ~ }
. (I)
In mechanism (b), if the complex (i) rearranges to the peroxide
very fast and if K - K, then the mechanism (b) merges into mechanism
(a). However, if, whilst K >> -K, the complex (i) rearranges only 
slowly, the concentration of (i) will become appreciable and oxygen will
Z^n-O-O or 02,
and not directly as a peroxide. This mechanism was, in fact, proposed
by Zutty and Welsh for the autoxidation of Bu^ B [73] s-
0o + Bu?B BU..B 4—  0o Bu B^ - 0 - 0 - Bu*1.
In the present work, di-n-propyl zinc was allowed to take up oxygen
be taken up by JUZn in the form of a complex, R
and the reaction quenched by hydrolysis of the mixture (See Experimental 
Section (3)b)* Both the oxygen uptake, and the peroxide formed, was 
measured, and plotted against time for a series of readings. If the 
Zutty and Welch hypothesis applied in this case, the curve corresponding 
to the peroxide formed would lag far behind the oxygen uptake curve.
By reference to Graphs 2 and 3 (p.l67 ) it may be seen that it follows
the uptake curve very closely until, and only until, autoreductive pro-* 
cesses set in (after about one mole uptake). It may therefore be con­
cluded that the reaction proceeds either by the formation of an intermediate 
complex (itg ~ 0 -  ^or 0^ ) of very short life, or through
no complex at all. In other words, the Zutty and Welch hypothesis does 
not apply to the autoxidation of dialkyl zincs.
It was hoped to elucidate further the reaction mechanism by 
studying the relative rates of migration of alkyl groups on to the oxygen 
in the peroxide formation. These experiments were unsuccessful (see 
Experimental Section (3) Cjrd).
In the first set of experiments the oxygen uptake was stopped by 
hydrolysis, and the peroxide and alkane evolved was measured. A large 
deficiency in the alkane was observed. The autoxidation reaction can 
be expressed in terms of the species given below j
R2Zn + °2 — ^ (R00)2Zn + (RO^Zn + RgZn,
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The oxygen and peroxide mole fractions can be measured, The 
alkane mole fraction can be measured, or calculated; the two results 
should agree. Table 9 indicates the discrepancies.
Some typical results of the autoxidation reactions 
taken from Table 20, page 172; fill results expressed in mole fractions.
RgZn
initial
°2
uptake
0.71
0.67
0.54
0.71
0.56
0,66
0*46
peroxide 
by titra­
tion
0.69
0.62
0.51
0.52
"(R00) Zn"
j-
0.35
0.31
0,25
0.26
'KKO^n" N 2Zn" 
Irem&in-‘ mg
calc. -- ;--^
0.02 0.63
0.05 0.64
0.03 0.72
0.19 0.55
(0.72)
(o
RH 
calc.
1.26
1.28
ob­
served
0.13
0.26
1.44 0.38
1.10
(1.44)0.2 
.28)0.25
0.22
64)1(1
(C.77)|(1.54);0.3
Hydro­
lysing
agent
0.1N
CHTC00H
3
conc.HCl
conCrf^ SO^  
a Et20
3N.H^04 j
For the last three results the vigorous hydrolysing conditions 
used in an attempt to increase the alkane evolved decomposed the
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peroxide. Hence the EH calc, mole fraction - in brackets - is only 
approximate.
The reason for the deficiency of the alkane cannot be explained. 
It is suggested that the alkane that is detected arises from the unused 
dialkyl zinc only; that is, species (that should be present) such as 
ROOZnR, ROZnE do not give alkane on hydrolysis. It has already been 
indicated in Part l(b) of this discussion that there should be no error 
in the analysis of the alkane.
The next method of attack was to reduce the peroxide formed to 
the corresponding alkoxide by the addition of LiAlF^e The proposed,
reaction scheme was ;
RgZn + 0^  — (ROO^Zn + (R0)2Zn + R2Zn
jLiAlH^
v
(R0)£Zn + (R0)2Zn + R2&i
1h20
2E0H + '2R0H + 2HH.
The following were measured as described in Experimental Section
: a^) the oxygen uptake; (b) the peroxide formed; and (c) the 
alcohol formed. Table 10 indicates some of the typical results. It may 
be seen that the peroxide corresponded fairly well to the oxygen uptake, 
but that on hydrolysis about twice as much alcohol as was expected (i,e, 
moles of peroxide + 2[ moles of oxygen - moles of peroxide]) was detected.
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The large error in the alcohol estimation (see p. 73) would tend to 
reduce the discrepancy, not increase (that is, cause) it* This means 
that a real discrepancy was also arising in this method of studying the 
autoxidation reaction.
TABLE 10
Some typical results of the autoxidation reactions taken 
from Table 21, page 176; all results expressed in mole fractions.
k0Zn ‘0, peroxide R0H
initial
2
uptake by titration calculated measured
1 0.57 0.58 ^ 0.57 0.93
1 0.53 0.49 0.57 1.26
1 O.67 0.54 0.80 1.07
To summarize, there are three observations :
(1) The reaction can be stopped by aqueous hydrolysis, and the 
peroxide measured. It corresponds closely to the oxygen uptake. It 
does not diminish significantly on standing (we have observed the peroxide 
in a hydrolysed product remain constant on standing for up to one hour).
(2) The alkane evolved on hydrolysis does not correspond to the
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unused 1 active alkyl groups” remaining after autoxidation.
(3) The alcohol formed from the alkoxide formed by reduction of 
the peroxide does not correspond to the peroxide.
These three observations at first appear incompatible, but may 
arise from an equilibrium such as ;
H 0/n+
RZnOOR ■>%-.••■•> RZnOH + HOOR 
j H20/LiiOH4 11+
peroxide test
It appears that these competition reactions could be profitably 
examined further by peroxide analysis of the hydrolysed product using gas 
chromatography. This was not feasible in the course of this work, 
because, as indicated in the Experimental Section, peroxides, particularly 
n.alkyl hydroperoxides, decomposed on the copper rubes of the G-.L.C. 
column, in use.
(RO) Zr,
Nitrqsation Reactions
Many alkyl metals react, in solution, with nitric oxide (see 
Table 2, page 48). The overall reaction is such that a metal—alkyl 
bond is cleaved by two moles of NO
R - M + 2 NO ---- ^ M(02N2R).
In this Yrork we have confirmed this stoichiometry (in the first 
quantitative studjr of the above reaction) for the dialkyl zincs. This 
is shown in Table 11 which is computed from the results in the Experi­
mental Section 4. It reveals that :
(a) two moles of NO cleave one (and only one) of the alkyl 
groups, and,
(b) the remaining alkyl groups is active and may be cleaved 
to give one mole of alkane.
TABLE 11
The Stoichiometry of the nitrosation of dialkyl zincs
Dialkyl zinc
-
Solvent Moles of NO.
expressed re 
” active’
Moles of alkane 
evolved on 
hydrolysis of 
the product, 
flative to 
alkane
Alkane
Bu^ Zn benzene 2.02 -
Pr Z^n cyclohexane 2.06 -
P r > benzene 2.09 ' - -
Pr^ Zn ether 0.85 PrH
BUgZn/Pr Z^n ether - 0.80 PrH+BuH
Pr Z^n in Pr2Zn/Et2Zn cyclohexane 1.98 1.02 PrH
Pr2Zn in Pr2Zn/Et22n ether - 1.02 PrH
Me^n/EtgZn cyclohexane 1.96 0,97 MeH+EtH
BunZnPrn cyclohexane 1.94 0.9k BuH+PrH
EtZnPr11 cyclohexane 1.89 0.8k- EtH+PrH
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(B) The Nature of the Product
Frankland [ 77] formulated the product of the reaction between zinc 
dialkyl and nitric oxide as Il^ Zn.ZnCo^ N^ E)^ . (R » Me or Et). This 
was possibly because he observed that the product inflamed in air and on 
hydrolysis gave a salt :-
The objections to this formulation are ;
(l) Coordination to zinc in the dialkyl zincs is weak. The only 
coordination complexes reported to date are, a loosely bound complex of 
dimethyl zinc with tetrahydrofuran (2 Me2Zn.3 THE, b.p* 82°) [114], 
zinc dimethyl- and zinc diethyl-dipyridyl [115], and zinc dimethyl.o.phen- 
anthroline [115]. Dipyridyl zinc dimethyl is a coloured solid complex 
stable even up to 100°, and presumably has the structure :
Zn
However, zinc diethyl is autoxidized in the presence of a 10-fold excess 
of pyridine [9]* If, therefore, a complex of the type R^Zn.Z^O^NgR^ 
was formed, there would be no reason to suppose that the Rg^ *1 W0UI^  no^
-93-
re act with an excess of nitric oxide. The experiments discussed in 
Section (A) above conclusively show that the uptake stops after two moles.
(2) There is no evidence for Zn - Zn.
Whether the formula is ’doubled” or net, Jrankland is still correct 
in giving the formulation of the zinc salt as a nitroso-compound. He 
showed that the zinc salt gave Liebermann’s nitroso reaction, and analysed 
correctly for the formula Z^O^N^R^* In the present work the zinc salt 
from the nitrosation of Pr^Zn was, after hydrolysis, recrystallised 
from benzene. The product corresponded to :
(CjH^ gOPgZn. H20.
(Calc, for CgH^N^O Zn: C. 24.88, H 5.57, N. 19.35, Zn 22.58;
Pound? C. 24.37, H. 5.65, N. 19*25. Weight loss by thermogravimetric 
analysis from 50° to 125° ; 6.52?&; Zn. 22.08. Calc, loss for 1 H^O :
6.21fo)* The -r values assigned to the p.m.r. spectra (Fig. 11, p. 183 
using acetone as an internal reference, were : 6.08, 8.28, and 9*27*
The multiplets correspond to those expected for a normal propyl 
group, and from the "T values [116] listed in Table 12 it is possible 
to find out how the n-Pr group is bended.
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table 12
Y
CH..-C-C-X
5
CH2-C-X
a
ch2-x
i
9.10
9.10
9.0
8.7
8.7
7.5
6.8 
6,44 
5.90
X
C, 0, N
OH, NH2 
CN
no2
nh2
nh.coch.
OH
O.COR
From Table 12, the foundX values of 6.08, 8.28 and 9.27 could therefore 
be correlated with a group CH,-CH0-CH -X where X was possibly oxygen, or
r?i *2 2
perhaps nitrogen in an unusual state (such as -N - 0 - Zn
i
N » 0 )
We therefore conclude that the zinc salt has the structure :
jo = N
Zn - 10 - N - Pr'n or
fcf 
Zn -
(o = N
0 - N - Pr
Furthermore, p.m. r. studies on the product of nitrosation showed
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that a Prn - Zn bond and the group Zn - 0 - N - Pr were both present,
0 = A
We concluded that the product of nitrosation was R - Z n - O - N - R ,  and
ft = 0
confirmed this by nitrosation of mixtures of dialkyl zincs.
Table 13 shows how the ratio of alkanes in the gas evolved on
hydrolysis of the nitrosation product corresponded within experimental
f ■
error to the ratio of astive alkyl groups in the mixture. Cases 2, 3, 4 
and 6 had to be corrected for a loss of active ethyl group before hydro­
lysis. e.g. Case 3 J propane evolved from product (before correction)
ethane evolved from product =3*01
alkane evolved = 0,82 (column 4)
■g- ”active” alkane
The nitrosation of mixtures of symmetrical dialkyl zincs 
“  ‘ ~ ~  [cf. Table 23, p. 184)
Ref. 
‘ No,
Mixture 
R2Zn/Rpn j
'
i
Solvent Alkane evolved 
on hydrolysis of 
producta- ■----- --- -- ■ —- -
2 active alkane 
moles
i
RH 
R!H 
on hydro­
lysis of 
starting 
material
RH 
R*H 
on hydro­
lysis of 
product
1. Bu Z^n/Pr Z^n
! .... 1 1
ether 0.80 0.77 0.77
2. Rr2Zn/Et2Zn cyelohexane 0.73 1.34 1.3l(oorr.)
3. H « 0.82 1.34 I 1.63 "i
4. 1 ether 0.72 1.54
i
X.6X " .
5. Et2Zn/Me2Zn cyelohexane; 0.97 0.93 I 0.89
6.
1
ether 0.73
‘
0.92 j G.95(corr.)
t
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The correction assumes that the missing alkane was ethane only,
where : propane/ethane (after correction) = 1.63
alkane evolvec^ /J ’active” alkane =1.00 
Our argument for applying this correction is as follows ;
(a) In the experiments with Et^ Zn/Pr^ Zn mixtures, the propane 
evolved on hydrolysis is exactly one mole/mole of Pr^ Zn. Hence we can 
conclude that of the propyl-zinc bonds in the Pr^ Zn, one has been cleaved 
by nitric oxide and one remains until cleaved in the final hydrolysis.
(b) From a knowledge of the nitric oxide uptake, and knowing that 
one of the propyl-zinc bonds has been cleaved by nitric oxide, we can cal­
culate that one of the bonds in EtgZn has also been cleaved by nitric 
oxide, and that one ethyl-zinc bond remains.
(c) The alkane evolved on hydrolysis is less than expected; hence 
some loss of alkyl-zinc bonds has occurred. No loss of propyl-zinc bonds 
has taken place, hence some loss of ethyl-zinc bonds has occurred. To 
judge from the uptake of nitric oxide, no loss has occurred at this point 
and we conclude that>loss of ethyl-zinc bonds has occurred after uptake of 
nitric oxide and before the final hydrolysis.
We therefore suggest that some hydrolysis or autoxidation has taken 
place during the removal of solvent at the pump and subsequent admittance 
of nitrogen prior to hydrolysis. It is noteworthy that in the 
Me^Zn/Et^ Zn experiment in which the alkane evolved on hydrolysis is also
very low, the metl^ yl group balances whilst the ethyl does not, and the 
same type correction has been applied. In other sections of this present 
work (e.g. Discussion, Part 6), it has been demonstrated that the ethyl 
group is cleaved more readily than either the methyl or the propyl group 
in acidolysis reactions*
To return to Table 13, the ratio of alkane evolved on hydrolysis 
is the same as in the starting material. If the product of reaction was
a mixture of ; R^n.Zn^^N^R1 )g and R^Zn.Zn^^N^lOgj then this constant 
ratio would only be observed if both diaikyls were reacting with the NO 
at the same rate. This is unlikely to be the case for any of the
available heterolytic mechanisms (on the evidence given in the Introduc­
tion), and a homolytic mechanism is discounted for the reasons given below. 
In the unsymmetrical cases, to be discussed, the different alkyl groups 
certainly have different migratory rates.
*
To conclude, therefore, the product of nitrosation of difiJlyl 
zincs is :
 ^N ~ 0 ,0 ss- N
l /  ‘
R - Zn - 0 - N - R or R - Z n - 0 - N - R
(C) The, Mechanism of the Reaction
The above work on mixtures of symmetrical dialkyl zincs provides 
an important clue. In the course of the reaction, an alkyl group 
migrates from zinc to the group 2^^ 2* b^is can be an inter— or intra—
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molecular step. If it is intramolecular, mixtures of two different 
dialkyl zincs should give no crossed products:-*
R0Zn NO RZn0oNoR
2 _  > 2 2
R^Zn R»Zn02N2R*
If it is an intermolecular reaction, crossed products would be expected*
NO
R2Zn + R'Zn -— > RZnO^R + R^nO^R* v RZnO^R1 + R'ZnO^R.
The intramolecular mechanism demands that the ratio of R-Zn/R'-Zn bonds 
in the products and in the starting alkyls is the rame. The intermolecular 
mechanism does not.. But the above results (Table 13) have shown that 
the ratio is the same, hence an intramolecular mechanism is more likely*
As outlined in the Introduction, various possible mechanisms of 
reaction are available for dialkyl zincs. We will now consider the 
various alternatives for this case. But we must first establish what 
the attacking reagent is. There is no evidence for the prior combina- 
tion at room temperature of two NO radicals : 2 NO 0 = N - N « 0.
Therefore 0 = N - N = 0 cannot be the attacking reagent; it must be NO,
The possible reaction mechanisms are as follows :
(1). A coordination mechanism
Two paths are available leading to the same product :
In both cases, coordination followed by e 1,3-shift occurs. 
Following the previous discussion (p. 14 ) of such a mechanism, it would 
be predicted that in an unsymmetrical dialkyl (RZnR*), the migration of a 
group from Zn(-) to N(*) should be in the order of inductive release,
Me Et \  Pr1 Bu*\
In this work, the unsymmetrical alkyls used were EtZnPr11 and
n
PrnZnBun» The relative cleavage rates of reaction with NO are given by
(see p. 74).
K R!Zn(02N2R) RfH 
K* = RZn^NpFT “ “51
Reference to Table 24, (p. 183) shows that the relative rates of migration 
were unaffected by change of solvent from cyelohexane to ether. Three 
runs were carried out using PrnZnBun, four on EtZnPrn• Taking a straight
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average, K,Et-= 0.82 - 0.02; and ~  = 1.44 - 0.23. 
^Bu pr
The same correction was applied to the EtZnPr31 cases as already discussed
for Et^Zn/Pr^11* only justification for this is now that it was
valid for the Et^ Zn/Pr^ Zn cases. To sum up, the relative rates of
cleavage of the alkyl group observed were :
n « nEt
1.44
Pr* 
1.00
Bu 
1.22
This sequence, due, if this is the mechanism, to inductive electron 
release, may be compared to other evidence for the relative rates due to 
+1 inductive effects amongst alkyl groups. The release of protons in the 
alkyl carboxylic acids (Table 14) will give a measure of the inductive 
effect [117].
Acid dissociation constants for alkyl carboxylic acids
-
^ Acid lO^ Ka in water at 25°
H - C00H 17.72
Me - C00H 1.75
Et - C00H 1.33
Pr1 - C00H 1.50
Bun - COOH 1.38
Pr1 - COOH 1.38
Bu* - COOH 0.89
The relative rates of the acid hydrolysis cf the fcrmals of ali­
phatic alcohols,
H+/H?0
H oCH(0R)2 — — -— > HCHO 4* 2 ROH ,
are [ 118] j R = Me Et Prn Bun Pr1
1 8.5 9.4 9.5 47.2
It is suggested [118] that the rate is governed by the inductive effect. 
Again the +1 effects of the Et, Pr11 and Bu11 are very close,
Further evidence is provided by the relative rates of reaction of 
alcohols with p-nitro benzoyl chloride and phenyl isocyanate [119]:
ROH * p.N02-CgH^ -C0-Cl ---> p.NO^C^-COgR + HC1
relative rates in Et20 at 25°:
R a Me Et Prn Bu11 Pr1 Bu*
1 0.459 0.358 0.382 0.0549 0.0147
ROH + CgH,. - NCO CgH^ « NK - CO - OR
relative rates in benzene at 25°:
4 i
Re = Me Et Pr" Bun Er1 Bu
1 0.96 0.78 0.97 0.31 0,0032
In both cases the decrease in rate along the series is due to the 
decrease in the acidity of the proton in R - 0 — H, assisted by the 
electron pushing alkyl groups. Steric effects may also play a part, but
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it is obvious that in the case of the It, Prn and Bu11 groups there is no
great difference in the inductive effects.
The only comparison of rates for a reaction proceeding by an
analagous mechanism, is that provided by Davies, Hare and White [68] for
i so "tthe autoxidation of Bu^  Bu B, in which they found that the Bu group was
isocleaved some 4*5 times faster than the Bu group. /
Bu*
| '— -v
sis°_ B(“) - 0 1 0(+)Bu
.— (1.0)
T, ISOBu
Bu*S0 isoIn the second cleavage by oxygen of the compound ,^>B - OOBu ,
Bu*'
the Bu V bu150 ratio is nearer 45/l. This is the only analagous study
that has been made. The relative rates for the t.alkyl and n.alkyl groups
n nare sufficiently close, however, to say that in the Et, Pr , Bu the rates
would be veiy close, as has been found.
To conclude, the order and the closeness of the relative rates 
(x n nfor the sequence Et, Pr and Bu is compatible with the coordination 
mechanism,
(2) An electrophilic substitution (S-^ 2 or mechanism
These could be formulated as follows ;
-103'
V
Zn
R
R
it ~ / x
l^ N = 0
S_2E
(+)
Zn
R
R
\ (r)P.:
R
R
Zn
!
\  •-
N
X 0
Vl/N0
R - N - 0 - Zn- R 
!
N = 0
S-rJ.E1
Zn
R
R SE1> RX N
Zn - Rt
,0
NO
*
R - N - O - Z n - R
j
N = 0
This mechanism could he regarded as a type of homolytic reaction :
NORgZn + NO R - N - 0 - ZnR R - N - 0 - ZnR
I
K = 0
As has already been indicated the S^ ,2 and S^ L mechanisms at
saturated carbon appear to follow a steric order with respect to the
alkyl being substituted. A small, but definite sequence Et > Pr*1 > Bu*1,
would be anticipated. Even if the S^ i mechanism were regarded as a freeis
radical one, the Kharasch series (Et > Pr*1 > Bun) would still be
-104-
antic ipated on the basis of Nesmeyanov1 a work [43] on the relative 
cleavages of R and R* in BHgR* by.CCl^ * In this work this series is not
found for the nitrosation reactions and makes these mechanisms appear 
unlikely c
(3) A free radical mechanism
Such a mechanism cannot be ignored, because NO is a free radical.
A mechanism involving alkyl radicals (R.) is very unlikely, because :
(a) Such a path would probably proceed via intermolecular shifts. 
Experimental evidence suggests it is unlikely that these are occurring {74S.).
(b) The reaction is not affected by free radical inhibitors, or by 
change of solvent.
(c) The products that T/ould be expected to be derived from such 
radicals (R.) by disproportionation and recombination are not formed.
Such products would have been detected by the analytical procedure used and, 
in any case, a quantitative uptake of NO would not be found, nor would a 
quantitative yield of tne N-nitrosohydroxylamine zinc salt have been 
obtained.
O'
To conclude, considering the evidence in Chapter V of the Introduction, 
as well as this discussion, it is clear that the nitric oxide reaction pro­
ceeds by an initial coordination on to the zinc through the oxygen of the 
NO, followed by a 1,3 shift of the alkyl on to the nitrogen-, A second 
nitric oxide adds to the nitrogen to form an N-nitroso group at some 
undetermined stage of the reaction.
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Part 6, The Acidolys.is Reactions 
(■&) Introduction
Dialkyl zincs are cleaved by acidic hydrogen:
R2Zn + HA' -> EH + RZnA'
RZnA* + HA’— } PH + ZnA£
r "■
In this work, the most suitable acid with respect to the rate of 
reaction, absence of water and purity was p-toluidine which reacts with R2Zn 
as a mono-acid, i.e. only one N-H being involved. 'We shall refer to 
p-toluidine henceforth as HA.
(b) The Experimental Results
(1 ) The Symmetrical cases
The reaction to be considered is:
R Zn k ; RZnA + RH
* + HA
R'2Zn R'ZnA + R'H
The reaction was foll®wed by measuring the amount, and analysing 
RHthe ratio rurr , of the alkanes evolved. The moles of alkane evolved 
R xl
corresponded to the moles of HA added. As a further check the RZnA and
R'ZnA remaining was hydrolysed with aqueous acid and the alkane collected*
The combined results of both parts of the experiment should equal the
total active alkane in the starting material and be in the same ratio.
Reference to Table 26, (p. 192), shows that about 95$ of the alkane was
RHaccounted for in each case, and that the -yg overall ratio increased
- 106 -
slightly. This was thought to arise from the more rapid thermal decompo­
sition of the higher alkyl under the conditions used (refluxing in diisopro­
pyl- or diethy1-ether for 2 hours).
The relative rates of reaction are given by (p. 76),
k _ log© (aole fraction of ILZn remaining)
log (mole fraction of RIZn remaining) e 2
The R^Zn/R Z^n was taken as the initial ratio, on the basis that as the 
reaction has a of about 5 minutes, over 75$ of the reaction took
place with the R^Zn/R^Zn in the initial ratio. A sample calculation is 
given below.
Referring to line 1, Table 26 (p.192 ):
1.04 Et2Zn + 2.04 x 0.47 EtZnA. + EtE
1.00 Pr2Zn = 0.959 HA PrZnA + PrH
"F’+'TT
= 2.22, PrH + EtH = HA = 0.959.PrH 7
• *. EtH = 0.66 = EtZnA; Et2Zn remaining = 1.04 - 0.66 = 0.58.
PrH = 0.50 = PrZnA; .’. Pr2Zn remaining = 1.00 - 0.50 = 0.70.
Mole fraction of Et2Zn remaining = 0.38/1.04 = 0,365; log^O.365 = 0.4382,
Mole fraction of Rr^ Zn. remaining = 0.70/1,00 = 0,70; log.,Q0,70 = 0,1549.
k _ log (Et Zn remaining) _ / * x. 0.4582 _ 2
k* log (Pr Zn remaining) / x 0,15490 b
The relative rates given below are the straight average of two
f k \results for EtgZn/lrgZn in diisopropyl ether v~f = 2.99 ± 0,16) 
two for Et2Zn/Pr2Zn in diethyl ether (2.38 + 0,12) and four for
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Me^ Zn/EtgZn in diethyl ether (0,41 + 0C05),
To summarise, the relative rates for the reaction:
R„Zn + p.NH .CLH. .CH„ R Z n . C H _  + RH; are
2  ^ 2 6 4 3 6 4 3
Me Z^n
0.41
Et^ Zn 
1.00 
1,00
(2) The unsymmetrical cases 
The reaction is now:
Pr2Zn
0.42
0,33
in refluxing diethyl ether 
in refluxing diisopropyl ether
R’ZnA + RH
k "
R— -Zn— R*
k’ RZnA ■ + R’H
The relative rates are simply given by (see p. 74):
k
k1
R’ZnA
RZnA
RH
R’H
RH_
R'H is as measured, but was corrected for the 4$ Pr Z^n impurity in the
PrnZnBun by dividing by 1.08.
C-/ ■
Again the relative rates are a straight average of four results 
for PrnZnBun in diisopropyl ether (~f = 1.29 + 0.22) and for four results 
for EtZnPr11 in diisopropyl ether (~§, = 1.94 + 0,05)
Hence for the reaction:
RZnR’ + p.HH2.Cc24*CH -- :--3> RZnM.C^.CH^ + R’H,
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the re3.ative rates of cleavage were:
Et Bu11
1 ,00 0.52 0.41 in refluxing diisopropyl ether.
(C) The mechanism of the acidolysis reaction
There appear to be two alternatives:
(1) Electrophlljc substitution at saturated carbon
Two mechanisms can be envisaged, corresponding to an S^ 2 or an
S^ i reaction:
• R +Zn R
Zn Se2
E' "I  ) R
^  H NH— Ar H :HH--Ar
H
/
Znl Si R./A Hi
[  ) "II *.NH— Ar
H-* —  RH—  Ar\
An S_1 mechanism, which involves a slow ionisation of the dialkyl zinc E
_ + _
to R and ZnR, followed by a fast step in which R combines with the
acid, is ruled out as di-n-propyl zinc has been shown to react with 
cyclohexylamine and with p-toluidine in refluxing di-iso-propyl ether 
by second order kinetics [l2l]. The rate follows the law, rate = 
k0[RZn][amine],c. 2
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Of the two bimolecular mechanisms, the Swi mechanism, in which onlyHi
very small charge separation occurs in the transition state, would seem 
more likely to occur in the relatively non-polar solvents used (PivJO and 
Et20).
The acidolysis reactions studied in this work appear to follow 
the normal steric order associated with electrophilic substitution at 
saturated carbon,, The order of reactivity, Me Et higher n-alkyl, 
has been observed for acidolysis of the corresponding Grignard reagents 
[53f 54* 55]* The Kharasch series (Me7> Et 7> Prn^>Bun) is well known 
for the cleavages of dialkyl mercurys [37~40] and organotin compounds [41]. 
The recent work of Hughes and Volger [18] on an established Si reactionJ±i
showed the steric sequence:
Me (100) >  Ethyl (42) neo-Pentyl (33).
Both in the present work and in the acidolysis of Grignard reagents, 
the methyl group behaves anomalously in that it is cleaved slower than 
ethyl, although the steric sequence predicts the reverse. The relative 
unreactivity of dimethyl zinc may be due to a greater carbon-metal bond 
strength (perhaps due tc a hyperconjugative effect); thus the bond 
strengths in dimethyl- and diethyl-zinc are 89 k0cals/mole and 86 k.cals/ 
mole respectively [52]*
Thus the order of cleavage found in this work is compatible with 
an Si (or an S_,2) reaction.Hi H/
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Comparing the two systems RZnR’ and R2Zn/R^ Zn, we see that the 
propyl compared to ethyl cleaves slightly slower in the symmetrical case 
than in the unsymmetrical case. Consideration of the respective transition 
states indicates that this might he expected. Considering the reaction 
as an S_,i one (8^ 2 would not alter the argument), then in the symmetricalhi h
cases, the two transition states would he:
/R
r- ' - K
I - " *
The steric repulsions involving alkyl groups will be,
(1) repulsions between R and the incoming group 33a;
(2) repulsions between the outgoing group Zn-R and the incoming
group HA.
Both these repulsiors will be in the order Me <CEt -< Pr^C BtfJ but 
that due to (1) is expected to be dominant. In the case of, say, Et Z^n 
and Pr^Zn then, we have:
Et2Zn (l) repulsion between Et and HA.
(2) repulsion between Et (as Et-Zn) and HA.
Pr^Zu (l) repulsion between Prnand HA.
(2) repulsion between P3P (as Pr-Zn) and HA.
Hence the order of reaction is Et^Zn^ Pr^ Zn, as the repulsions
are in the order Et (l)< Prn(l), Et (2) <CPrn(2).
/
R’
R*'t
A"-
.-Zn
1
\
.-A
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Considering now the case of EtZiJPr, the following repulsions will 
be in force*
Et (2)^ > Pi?1(2). Hence if repulsions of the type (l)J> those of type (2),
basis the relative cleavages would be closer together for the unsymmetrical 
case than in the symmetrical case*
The relative orders observed in the two systems therefore are 
compatible with an electrophilic substitution mechanism-, However, we 
must now consider whether the evidence also fits a coordination mechanism,
(2) A coordination mechanism
There are two main arguments against this mechanism. If coordination 
is the main step, then cyclohexylamine, a stronger base than p-toluidine 
(pKa cyclohexylamine: 10*64; p-toluidine 5.07) [12C] should react faster.
For Et cleavage (1) repulsion between Et and HA*
(2) repulsion between Prn(as Pr-Zn) and HA©
For Pr11 cleavage (1) repulsion between Pr^ and HA*
(2) repulsion between Et (as Et-Zn) and, HA.
How the repulsions are Et (l) <  Prn(l), as above, but significantly,
the cleavage from EtZnPr will still be Et >  PrJ but obviously on this
This could be of the form:
R—-Zn— R <+
/\
R— Zn
/\
h ;
+
H
R
E Ar H Ar
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Both react with Pr Z^n and follow second order kinetics in refl’ixing 
diisopropyl ether: rate = k^[amine][Pr^Zn]. The k . for p-toluidine is 
about 10 times greater than for cyclohexamine [121]*
Secondly, if the 1,5 shift is the main stage, then the cleavage of 
R-Zn-R* should follow the inductive order*
This is small amongst Et, Pr11, Bu11 as witness the HO reactions, and
f ' ■
does not follow the steric order observed in this case* We therefore
conclude that the reaction does not proceed via a coordination mechanism.
To conclude, we suggest that the reaction:
R0Zn + p-HIL.C-H *CH^----- >RZnHH.C.H *CH_ + RH proceeds via
2 2 o 4 j b a a
either an S^ i or S_,2 mechanism, for which the transition states are (i)
i!i Jci
and (ii) respectively:
..R /R
Zn_ 4 Zn
\
\^  • Ar
H
(i) SEi (’i) V
If we are correct, this is the first example that has been shorn 
to be an electrophilic substitution in zinc alkyl compounds.
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Part 7* The Iodination Reactions [
(a) Introduction
Ho previous work has been carried out on the mechanism of the 
reaction between iodine and dialkyl zincs* The stoichiometry however has 
long been known:
RgZn + I2 --- ) RZnI + RI
RZnI + I ---) Znl2 + RI
In this work, the relative rates were studied for both the symmetrical 
and unsymmetrical cases.
(b) The Experimental Pesults
(1) The symmetrical dialkyl zincs
The reaction being followed is:
R2Zn + I  RZnI + RI
R^Zn kV  R'ZnI + R!I
A capsule was crushed in a solution containing a known amount of 
iodine. The reaction was very fast in ether, somewhat slower in cyclo- 
hexane. The RZnI and unreacted R2Zn were hydrolysed by the addition of 
aqueous acid, and the alkane evolved collected. G.L.O. was used to measure 
the quantity of alkane evolved and the proportions of the two alkanes, In 
over 60fo of the runs tabulated, the alkane balanced within experimental 
error (+ 5$). In the other cases deviations up to 15$ were observed*
We did not exclude the runs with 5$ deviation from our results because
there did not appear to he any correlation between this deviation and the 
deviation from the average of the relative rates.
An example will best illustrate how the relative rates were 
evaluated, . Referring to line 1, Table 27 (p. 196).
1.37 Pr2Zn + 2.37x0.61 ‘ *PrZnI + xPrl + (1.37-X ) Pi*2Zn
1,00 Bu2Zn = 1.45 I  ^ j^ BuZnl + ij,BuI + (1 .OO-U^/Bu^n
—  = 1 *53? PrH + BuH = 1.45 + 2(2.37 - 1 .45) = 3.29
PrH = 1.99, BuH = 1*30.
The propane arises solely from PrZnI (1 mole equivalent) and the
PrpZn remaining (2 moles equivalent).
U99 = 2(1.37 -%) + X
X = 2,74 - 1.99 = 0.75
The Pr*2Zn remaining = 0.62
.*. The mole fraction of Pr2Zn remaining = 0.45.
By similar reasoning, the mole fraction of BuQZn remaining = 0.30
k _ lOg . 0.45 n rr i t e — O.oo.
kf ^oge
It will be observed from Table 27 that an excess of reagent was used 
in a number ©f cases, such that there was no "fraction of R2Zn remaining". 
In order to obtain an approximate idea of the relative rates, the following 
approximation was used:
kr\ for this different reaction could now be evaluated* By
kcomparing it with the authentic —t f©r the actual iodination reaction, where 
available, it was felt it could be satisfactorily -used to indicate quali­
tatively the relative tendency of groups to cleave* These relative rates 
are included for reference in Table27 , column 13 •
As far as the relative rates are concerned the runs in diethyl
. r ■
ether (3 in each case) can only be expressed qualitatively because of the 
scatters
Mei£L. Et oni Pr ^ 11 Buu 
In cyelohexane using straight averages of two results in each case 
we obtain:
Me Et Pr Bu
1.2 1.0 0.8 0.9 cyelohexane at room temperature*
These figures are in accord with the approximate k worked out
kf
for about twice as many runs.
(2) The unsymmetrical dialkyl zincs
The reaction being followed is now:
Rf Znl + RI
' ' . I
RZnR1' + I2 ^  &*
RZnI + R’l
The reactions were followed in precisely the same way as for the
k 
k1symmetrical cases, but now was given by:
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k _ R!ZnX = BJH 
k* RZnI RH
In the case of diethyl ether, the straight average of three results
for PraZnBun was 1*01 + 0*04, for EtZnPr was 0.99 + 0.03, For cyclo-
hexane, with two results in each case, the straight average fcr 
rrnZnBun was 0.82 + 0.03, for EtZnPr11 was 0.92 + 0.01.
That is the relative rates of cleavage of alkyl groups in the 
reaction:
RZnR* + I  ------  ^RZnI + RI, were
Et Pr11 Bu11
1.0 1.0 1*0 in diethyl ether at room temperature
1.0 1.1 1.3 in cyelohexane at room temperature
Before considering the reaction mechanism, three points need to he
considered.
1) The reaction was carried out (necessarily) in the absence of 
oxygen. This means that a free radical mechanism would not be inhibited,
as it is known to be, by oxygen.
2) The reaction was quantitative. This was shown by our observations 
that the?alkane remaining balanced when compared with the iodine added.
Also the reaction between diethyl zinc and iodine has been studied in 
benzene solution at room temperature [122]• The main reaction is,
Et2Zn -s- 21^-----  > 2EtI + Znl^ , but the side reactions:
Et2Zn + 21^ -- > ^ 2^ 6 + 2^^ 4^ 2 + n^ 2^ rePresen^  3$ anc^ f^°
of the total respectively. Hence, side reactions occur only to a small
extent*
3) The reaction in the ether solvent was homogeneous. The reaction
in the cyelohexane solvent was not necessarily homogeneous, because the
iodine was sparingly soluble in the solvent, and the reaction may well 
have been occurring ©n the surface of the iodine crystals*
(c) The mechanism of the reaction
(0 An electroohilic substitution mechanism
An S 2 or S^ i mechanism would require both the symmetrical andii ii
n nunsymmetrical alkyls to be cleaved in the order Me3> Et5> Pr J> Bu , 
(methyl of course might be anomalous) as has been suggested for the 
reactions of with iodine [93], where the relative rates are:
Me (6.8) Et (0*8) Pr11 (0.1) Bu11 (0.04).
No such sequence is observed for the dialkyl zincs, and we conclude 
that an S^ 2 or S^ i mechanism does not occur in ether or cyelohexane to any 
extent.
(2) A coordination mechanism
Such a mechanism would proceed through the following transition
state:
- 118 ~
Since in ether all the alkyl groups react at the same rate, it is 
unlikely that this is the path* Some form of steric order would be 
anticipated with such a large reagent as iodine. Again, in cyelohexane 
there is no clear order and the sequence for the symmetrical cases is the 
reverse of that for the unsymmetrical cases. We therefore discount a 
coordination mechanism as occurring to any extent.
(3) A free radical mechanism
It has already been indicated in the Introduction (Chapter 6 ) 
that iodine and alkyl mercury compounds may react by a free radical 
mechanism, at least in part.
Reutov has found that benzyl mercuric chloride ds cleaved by iodine 
in carbon tetrachloride at 25°, and that benzyl iodide is formed quanti­
tatively
Ph-CH^ HgCl + I Ph-CH^ I + HgClI.
The reaction is first order with respect to iodine, but of zero order
in benzyl mercuric chloride; rate = kfl^ ]. The reaction was studied undo?
constant illumination as it is reported to be a photochemical reaction; it 
is not inhibited by addi tion of hydroquinone or m—dinitrobenzene and a 
two 3tage mechanism was suggested. In the first, rate-determining stage, 
Reutov envisages a rapid photochemical breakdown of iodine into radicals,
or a photochemical initiation;
t to or T hv _ *
2 — *“> °r 2 > 2
The second stage, for which no mechanism was suggested, is a rapid inter-
( *  \action between I, (or I ; and benzyl mercuric chloride.
2
Jensen’s work on bhe stereochemistry of halogenation of dialkyl- 
mercurys (Chapter 5 ) also suggests that iodine in relatively non-polar 
solvents could react with an alkylmetal via a free radical path.
In the present work, we have shown that in diethylether as solvent, 
the di-n-alkyl zincs from dimethyl- to di-n-butyl- are cleaved at the 
same rate and that cleavage of ethyl, n-propyl and n-butyl groups from 
unsymmetrical dialkyl zincs occurs at the same rate. This is not incompa­
tible with the observations of Reutov and of Jenser, since if the rate 
determining step does not involve the dialkyl zinc, and if the cleavage 
step is a subsequent very fast step, it is very likely that the cleavage 
will be unspecific with regard to the alky], groups. The following free 
radical scheme is suggested as a possible reaction path:
I2 ^  21.
I. + R2Zn RI + .ZnR
. ZnR + I. f— ) RZnI
-
With the experiments in which cyclohexane was used as a solvent, 
there is some evidence that the rates of cleavage of groups by iodine show a 
small trend - i.e., unlike those in diethylether, there is a sequence of 
reactivity, although differences are very small. It is possible that in
120 -
cyclohexane, a polar mechanism and a free radical one may be occurring 
simultaneously.
Alkyl radicals (R*) have not been included in our reaction scheme 
since a greater proportion of side reactions (giving for example R-H) 
would be expected if this was the case*
We conclude therefore that the iodination reaction in ether and 
cyclohexane probably goes predominantly by a free radical mechanism.
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Part 8. Conclusions and Suggestions for Further Study
Our conclusions may be very briefly listed:
1 ) the analyt methods used were quantitatively adequate.
2) Pure, clearly defined, dialkyl zincs were obtained by the 
preparative procedures used.
3) The reaction of oxygen with dialkyl zincs, in ethereal solution, 
did not proceed via the formation of a long-lived intermediate; the 
competition studies of molecular oxidation were unsuccessful because the 
ratio of the peroxides formed could not be measured by the analytical 
methods used. . . .
4) The reaction of nitric oxide with dialkyl zincs gave compounds 
of the type R—— Zn— —0 —  N-— ~R ;
N =  0
competition (and other studies outside this work) studies revealed that 
the reaction proceeded via a coordination mechanism.
5) Acidolysis cf dialkyl zincs by p-toluidine in ethereal solution 
proceeded by the mechanism of electrophilic substitution at saturated 
carbon.
-6) lodination of dialkyl zincs by iodine in diethyl ether and in 
cyclohexane solution probably did not proceed by an electrophilic sub­
stitution mechanism; it may have proceeded by a coordination path or, 
more likely, by a homolytic mechanism, or both.
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This work has therefore revealed that competition reactions can 
successfully he used to elucidate the reaction mechanisms of some of the 
reactions of dialkyl zincs. The reaction methods worked out for the WO 
and acidolysis reactions are straightforward and successful and these 
reactions are worth further investigation. In particular, they should be 
extended to branched alkyls. In the WO reaction the relative rates should 
be in the order tert/> sec. primary, for unsymmetrical dialkyls, whereas 
in the acidolysis reactions should be in the order primaryiso > sec, ^ >tert> 
for both types of dialkyl*
The iodination reactions are worth further study because, as 
indicated in the Introduction very little work has been done on iodination 
or halogenation of alkyl metals at all. The method as it stands is 
suitable to investigate:
(a) the relative rates with II if an iodide sufficiently soluble 
in a suitable solvent can be found,
(b) the relative rates with I in a non-polar solvent in which I^  
is soluble,
(c) the relative rates of cleavage of branched alkyls.
A kinetic study of the reaction using a continuous flow apparatus 
designed for studying very fast reactions would be profitable* The reaction 
could be done on a large scale if necessary, easily quenched and the alkyl 
iodides analysed by G.L.C.
As has already been suggested, the oxidation reactions should be
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examined to see if they can be followed by peroxide analysis. This would 
at least help to remove the irritating anomalies of the present position. 
If this could be resolved it might be possible to show that 
heterolytic alkyl metal reactions proceed by one of two paths: either
coordination or the path, and to predict where and when each occur.
This would be a notable contribution to the increasingly active field 
of reaction mechanisms of organometal compounds.
y^yiyiUPT;--
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E X P E R I M E N T A L  S E C T I O N
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SECTION I
SOME GENERAL TECHNIQUES
1 * Introduction
Analyses for carbon, hydrogen and nitrogen were carried out by 
Alfred Bernhardt, of the Max-Planck Institute, Mullheim. r
Melting points and boiling points are uncorrected unless stated to 
the contrary. Temperatures are recorded in degrees Centigrade (°) and 
pressures in millimetres of mercury (mm.).
Quantities of reagents are expressed in g. moles. Often, however, 
it is convenient to summarise the stoichiometry of a reaction in terms of 
mole-fractions, i«e. g.moles of reagent/g.moles *f reactant, for which 
the abbreviation moles has been used throughout. In particular, the 
term "moles of active dialkyl" refers to half of the g,moles of alkane 
evolved on hydrolysis of the zinc dialkyl, per g.mole of the zinc dialkyl. 
Since the reagent is only reacting with the active alkyl groups in the 
dialkyl zinc, all the moles of reagent in the tables following are 
expressed relative to the g.moles of "active dialkyl". This will, 
however, be indicated in each case.
Only sodium-dried solvents were used for reactions involving dialkyl 
zincs; they were flushed out with nitrogen or carbon dioxide before use.
Except where it is stated to the contrary ether means sodium-dried diethyl
!ether.
The nitrogen used was always ’’white-spot” nitrogen* The nitrogen
*
was purified by leading it through chromous sulphate, concentrated sul-
phuric acid, and over phosphorous pentoxide and potassium hydroxide
pelletsCarbon dioxide was similarly treated except for the passage over
the potassium hydroxide.
/Screens and/or face shields were used when handling the dialkyl 1
■
zincs. All the dialkyl zincs except dimethyl zinc were stored under 
solid ’drikold” (solid carbon dioxide) to minimise their thermal decomposi­
tion. Unwanted products were destroyed by allowing air slowly to diffuse 
into their containers.
2. The Estimation of Zinc and Magnesium
Zinc and magnesium were estimated using E.D.T.A.
(A) Reagents required
i) 0.1 M E.D.T.A. was prepared from the disodium salt of ethylene 
diamine tetraacetic acid, and standardised by 0*1 N zinc sulphate prepared 
from either of the primary standards AnalaR granulated zinc or zinc sulphate
j?
(ZnS04.7H20) using the method described below.
ii) Buffer solutions; NH^ OH/UH^ Cl buffer for pH 10.
A stock solution was prepared by dissolving ammonium chloride (67*5g.) 
in 0.88 ammonia solution (570 ml.) and making up to a litre with distilled 
water. A blank determination was carried out on this stock solution.
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Sodium acetate/acetic acid buffer for pH 4*5*
A buffer of pH 4*5 was obtained by mixing 0,>2 N acetic acid (6 ml,) 
with 0,2 N sodium acetate (4 ml0),
iii) Indicators, Eriochrome Black T (0.2 g.) was dissolved in 
ethanol (20 ml,),
(B) The Estimation of zinc and/or magnesium
This was used for standardising ethereal solutions of zinc chloride 
and Grignard reagents, and for estimating the zinc in samples of dialkyl 
zincs.
The sample (2-5 x 10 g.moles) was syringed into, or an ampoule
of it broken under, 0,1 N sulphuric acid (100 ml,). Organic material was
removed by boiling the solution for 15 minutes, and the residue was
diluted to 500 ml, with distilled water. The acid was neutralised with
3 N sodium hydroxide and buffered to pH 10 with NH^ OH/NH Cl solution
(2 ml.). The zinc or magnesium was titrated directly using Eriochrome
Black T indicator,. In the case of dxalkyl zincs the titre was converted
-3directly into g.moles, G.moles of zinc equals t.M.10 where t is the 
titre (in ml.) of 1,0 I E.D.T.A.
Similarly, the E.D.T.A. was standardised by titration of a standard 
solution of zinc, buffered to pH 10, using Eriochrome Black T indicator,
(C) The Estimation of ftinc ard magnesium separately in the -presence of 
each other
This was used to check that no magnesium was present in dialkyl
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zincs prepared via Grignard reagents.
The sample (2-5 x 10 g.moles) was dissolved in 0,1 IT H SO
Cm
(100 ml,), boiled to remove organic material and made up to a standard 
volume. Two aliquots were taken* the first titrated at pH 10 with 
E,D.T*A, using Eriochrome Black T indicator to give the total zinc and 
magnesium, -che second, diluted with an equal volume of ethanol to keep 
the indicator in solution, buffered to pH 4«5 with acetic acid - sodium 
acetate buffer and titrated with E.D.T.A, using dithizone indicator. This 
gave the zinc content only.
3* The estimation of active alkane in the dialkyl zincs
The apparatus (Pig* 10 p.164) was the same as described in Section 3 
p. 163 for the oxidation reactions. The apparatus was set up with the 
sample (4*0-0,5 g.moles) in a capsule fitted underneath the crusher, and a 
magnetic stirrer, 0.5 N sulphuric acid (25 mis. ) was added to the flask, 
flushed out with nitrogen via the gas inlet tube. The three way tap A 
was open to the flask, the burette and to the atmosphere via tap B, so that 
the nitrogen purged the flask and the burette. The nitrogen was turned 
off after passing for y hr. and tap A was turned to connect the burette
JO
and the reaction flask only. When the system had come to equilibrium 
(c. y hour) the capsule was broken and the gas evolved measured. Samples 
for analysis by the G.L.C. were withdrawn via the self sealing cap (shown' 
opposite the gas inlet tube). The aqueous solution was analysed for zinc.
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The alkane evolved, corrected to hT.T.P., was expressed as moles based on 
the dialkyl zinc* The value, in g.moles, of half of the alkane evolved 
was termed, ng0moles cf active dialkyl".
T Before analysing dialkyls by this method, their reactivity toward 
aqueous acid was checked by breaking a capsule under acid in a conical 
flask* Diethyl zinc can be analysed by this method if care is taken, 
but dimethyl zinc is too reactive* EtZnPr11, Pr^Zn, BunZnPr11 and 
Bu^Zn all gave satisfactory results*
4* The Estimation of Peroxides
_rz
The sample (0.5-9*0 x 10 g.moles of peroxide), generally in 
solution, was added to a mixture of iso-propyl alcohol (50 mis.) and glacial 
acetic acid (10 mis.). The solution was flushed out by the addition of 
a few lumps of solid carbon dioxide. A saturated aqueous solution of 
sodium iodide (10 mis.) was added, the mixture shaken, and left in a tightly 
stoppered flask overnight* A blank of iso-propyl alcohol (50 mis.), the 
solvent (in the same quantity as in the sample), glacial acetic acid (10 mis) 
and sodium iodide solution (10 mis.) was run similarly and concurrently.
The next mcrning both solutions were titrated with 0.1 N sodium thiosulphate 
to removal of the liberated iodine. The blank titre never exceeded 0*20 
mis., and was generally 0.10 - 0.15 mis.
Results were calculated as the amount of peroxide present. The 
gram moles of peroxide is given by:
Gram moles of peroxide = x 10-^ where V is the volume in mis. of N.
normal thiosulphate used.
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5• Studies with the Gas Liquid Chromatograph 
(A) The Chromatograph
A commercial instrument was used, supplied by Shandon Scientific 
Company Limited. It was a flame-thermocouple type. The carrier gas 
(.75$ hydrogen, 25$ nitrogen) is burnt after passing through the column.
A thermocouple is placed above the flame and the voltage developed is 
amplified and graphically recorded. The voltage developed by the steady 
flow of carrier gas is balanced by a backing-off voltage, hence a stable 
base-line is recorded. As components are eluted they burn in the flame 
and the differential vo3.tage is registered as a peak, the area of which 
is proportional to the mass of the component.
The instrument consisted of the following units: 
i) The detector: a palladium gold/platinum iridium thermocouple
placed a few millimetres above the jet from which the carrier gas emerges*
ii) The recorder: a Sunvic High-Speed recorder* At maximum
sensitivity (1*0) full scale deflection was given by 1 mV. Sensitivity 
settings of 0.05, 0.1, 0.2 and 0.5 were also available. The recorder 
had chart speeds of 45, 30, 15, 9, 6 and 3 inches per hour.
iii) The column was 4 mm0 internal diameter copper tubing secured 
to the gas inlet and the base of the combustion cavity by gas tight 
unions. Columns of length 4 f©et and 6 feet were used, and on one 
occasion a 6 feet internal diameter glass precolumn was used as well, 
Appropriate stationary phases were selected for each particular analysis 
problem.
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iv) Sample in.iection system Per liquid samples, a pipette was 
lowered on to the top of the column by a method based on the Scott closed 
injection system [l23r 124]- Gaseous samples were injected by a syringe 
on to the column, through a self-sealing cap.
v ) Gas control The carrier gas was controlled by a Hegretti and 
Zambra precision needle valve with a micrometer for fine adjustment.
Gas flow rate was measured on a rotameter but this did not give reproducible 
results* .Experiments with the retention time of a definite compound showed 
that the backing-off voltage was a more reliable guide to the gar; flow.
Apart from an attempt to calibrate the rotameter, gas flow rates 
were not measured. As the instrument was used mainly for quantitative 
estimation of ratios of known compounds this was satisfactory. In any 
case, relative retention times are independent of flow rate.
- vi) Insulated .jacket and reflux column The temperature control of 
the column was effected by refluxing a suitable liquid in a large insulated 
jacket, fitted with a heater and reflux condenser, around the column*
(b) Efficiency of the column
The most efficient flow rate was found for each type of stationary 
phase, length of column and temperature of operation. This was found by 
plotting the Height Equivalent of Theoretical Plates (H.E.T.P.) against 
flow rate or some function of flow rate* The minimum of the curve gives 
the most efficient flow rate under the given conditions. The H.E.T.P.
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is given by H/E where E is the height or length of the column and E is
X 2
the efficiency of the column, and is given by 16(-~) where Y is the 
distance of the peak centre from the air peak centre, and X is the width 
of the peak at its base* The most efficient f3aw rate gives the best 
combined separation and resolution of components*
In the case of the hydrocarbon separations at room temperature, it
was found that the efficiency was fairly uniform over a wide range of flow
rates*. Conditions that gave a convenient retention time and working 
pressure were then chosen. In any case, the flame went out below a
flow rate of about 8*5 mls./min. (7 mV. backing off voltage).
(C) Relative Retention Times
Absolute retention times depend on the flow rate of the carrier 
gas and on the compound itself. If the retention times are expressed 
relative to some standard compound then they become practically independent 
of the flow rate and characteristic of the particular compound. Table 15 
gives the retention times of some compounds relative to cyclohexane.
They were obtained using a 4 ft. copper column, packed with 15°/° w/w. 
squalane on 82-109 mesh 545 Celite, maintained at 42°* The flow rate
was close to 55 mls./min. (b,oa voltage = 55 mV) in each case, and cyclo­
hexane was eluted after c. 11 mins. The values are the average of about 
5 determinations.
Squalane was not suitable for some of the separations required.
Other stationary phases were investigated and these are discussed below.
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TABLE 15
Some R values obtained on squalane at 40°
Compound R value
Diethyl ether C.15
benzene 0.79
cyclohexano 1.00
methanol 0.055
ethanol 0.093
propanol 0.26
iso-propanol 0.25
butanol 0,71
iso-butanol 0.50
sec. butanol 0.40
tert. butanol 0.19
acetaldehyde 0,024
n-butyraldehyde 0.29
acetone 0,10
methyl ethyl ketone 0.33
n-butyl hydroperoxide Decomp, by copper
column
sec. butyl hydroperoxide 1.66
tert. butyl hydroperoxide 1.00
............. —  ...........
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(D) The Separation of Alcohols
A stationary phase was required that would separate into symmetrical 
peaks alcohols* in particular propanol and butanol, in low concentrations 
(l-2/£) from the solvent (ether). Squalane did not give symmetrical peaks 
for alcohols, and ether was eluted too close to ethanol and propanols In 
order to detect the alcohol a large excess of sample (c. 0.05 ml.) had to 
be put on to the column? thus the solvent peak would swamp the alcohol 
peaks unless a stationary phase with a strong selectivity for alcohols was 
found* Diglycerol was used. The retention times of several alcohols 
relative to butanol on diglycerol at 76° are given in Table 16, column 
2, For comparison, the values on squalane at 40° are given in column 3»
A copper column, of length 4 feet, packed with 20f t w/w. diglycerol on 
82-109 mesh 545 celite, maintained at 76° was used... The flow rate was 
around 40-45 mls./min, (b.o. voltage 20 mV) in each case* and the 
butanol was eluted after 6 mins. The values are the average of 3-4 
determinations. Fig. 1 is the trace obtained.from a 1 / each solution of 
propanol and butanol in ether. The very large ether peak was not 
recorded*
(h) Separation of butane and propane
The next three sections deal with the separation of permanent gases 
on columns at room temperature, that is at 20 + 3°* Butane and propane ; 
were separated on squalane under the following conditions: the column
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TABLE 16 
Some R values for alcohols
Compound,, In order of 
appearance on diglycerol
R
on diglycerol at 76
R
on squalane at 40
diethyl ether 0*11 0.21
tert. butanol 0.33 0.27
iso. propanol 0.45 0*35
sec. butanol 0.52 0.56
methanol 0.60 0.08
ethanol 0.60 o e
propanol 0.74 0.37
sec. hexanol 0.74 -
butarol 1.00 1.00
iso. amyl alcohol 1.07 -
octan-2-ol 1.79 ■ -
was a 4 ft* copper column, containing 1 j>% squalane on celite. The flow 
rate was about 20 mls^/min* (b*o. voltage = 1 2  mV.). Retention times 
relative to ether were: propane 0.23, butane 0*45 and ether 1.00* Ether
was eluted after 5 mins, and Fig, 2 is an example of the separation 
obtained.
(f ) The Separation of Propane and Ethane
Two methods were used* A 9 feet dimethylformamide (D.M.F.) column
consisting of a glass column, of length 5 feet, connected to the 4 feet
2copper column was used. Initially ethane was eluted after 1qr mins
2
and propane after 2^ mins using a stationary phase of D.M.F* on 60-70 
mesh celite (w/w ratio 2/3*), a-&d a flow rate of about 20 mls./min. (b*o. 
voltage = 16 mV). With time the column deteriorated and the air peak 
began to tail on to the ethane. The deterioration was due to the rather 
volatile D.M.F. (b.p* 150°) being stripped from the column. Figs. 3 and 
4 contrast the separations obtained initially and after 60 hours use.
The ethane and propane were subsequently separated by Gas Solid 
Chromatography in the form of alumina coated with 2fo squalane to prevent 
tailing [125, 126]. B.D.H. alumina for adsorption chromatography was 
graded, and the coarsest grade \100 - 125 mesh) was taken. This was 
still rather fine, and high presstires were required to get sufficient 
gas flow to maintain the flame. Fig. 5 illustrate the separation 
obtained on a 4 ft. copper column packed with 100-125 mesh Alumina,
*®13 7"
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Figure 1. A sample taken from, a solution of n.propanol 
and.octan-2-ol (c.lxlO-vg.moles each) in ether (25 ml.)
Maximum sensitivity,, chart speed 3'0 "/to.
butanol
Figure 2. ■ Propane
■ i i
and butane.;
Maximum sensitivity, 
chart speed 45TT/to.
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The separation of ethane and n.propane on d.m.f. column (9ft.) 
Figure 3. Initial separation
. 0.2 sensitivity, chart speed :$ p * / h r
Separation after BohrsFigure,
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Figure 5. The separation of ethane and propane by alumina. 
0.2 sensitivity, chart speed ^ 0 u/hx,
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treated with 2% w/w squalane. The gas flow was about 8 mls./min« (b.o* 
voltage 9 m?#); the ethane was eluted after 2t mins. and the propane after 
6-2 mins. .
(G) The Separation of Methane and Ethane
The alumina column readily separated methane and ethane at room 
temperature, but it could not separate methane from the natural gases that 
provide the negative air peak. (Fig* 6). Molecular sieves would not 
be efficient in separating methane from these permanent gases [125] and it 
was not possible to obtain activated charcoal of suitable grading, as has 
been used £ 125]* The methane was eventually separated from the air peak 
by immersing a one foot length of the four foot copper column in a drikold 
acetone bath. Fig. 7 illustrates the separation; the conditions were 
identical to those for the ethane/propane separation above, except the 
addition of the drikold bath increased the backing off voltage to 11 mV.
A
The methane was eluted after 1~ mins., the ethane after 7 mins.
3
(h) Quantitative Estimations
The instrument was particularly suited to quantitative use since 
the response was directly related to the quantity producing it. The area 
under^ the curve of the response is directly proportional to the product «f 
the g. moles of the component and its heat of combustion [103]. Thus the 
ratio of two components is given by:
141-
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Figure 6.- The separation of methane and ethane b 
at room temperature.
. o 0.1 sensitivity, chart' speed 43**/to.
c +
Figure 7. The separation of methane and ethane by alumina 
with \  of column immersed in drikold/ acetone bath.
0.1 sensitivity, chart speed 45Tr/to. ■
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g«moles of Compound A _ Peak area of A x Heat of combustion!per g«mole)of B
g»moles of Compound B ~ Peak area of B x Heat of combustion!per g.molejof A
The quantity of A or B present in a total sample may be estimated
by adding a third component of known weight to the sample, hence,
- ' •
„ „ „ , . Peak area of A x Heat of combustion (per g0mcle) ofg«mo±es of Compound A = n ~ n  ^n& *__________________ C x g. moles of Compound. C___________
Peak area of C x Heat of combustion (p®*1 g»mole)of A
(
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SECTION TI­
THE PREPARATION OF MATERIALS
1 The Preparation of some Grignard reagents 
(A) The general method
For the preparations a-d either a litre or a 500 ml, 3 necked quick- 
fit flask fitted with a mercury sealed stirrer, a dropping'funnel and a 
reflux double surface condenser, the last two with calcium chloride 
guard tubes, was used* The apparatus and the turnings were oven dried 
before use. Reaction was initiated by adding a few mis. of the alkyl 
halide and a crystal of iodine to the turnings. Cnee the reaction started 
ether was added to the turnings and the alkyl halide, diluted with ether, 
was added to the well-stirred suspension ox magnesium, at such a rate as to 
maintain gentle reflux. Stirring was continued for a further hour after 
the halide had been added, and the reaction mixture was allowed to stand 
overnight. Next day fche Grignard solution was decanted into a volumetric 
flask and made up to a standard volume with ether. Aliquots were taken 
and estimated for magnesium using E.D.T.A.
(b) Methyl magnesium iodide
Methyl iodide (150 mis., 2.4 g.moles) in ether (250 mis,) was added 
to magnesium turnings (60 g,, 2.5 g.moles) in ether (250 mis.) over 4 
hours. The reaction was readily initiated by methyl iodide; the
- 1 4 4 -
reaction flask was immersed in ice throughout the addition of the halide*
The Grignard reagent was made up to 750 mis. the next day*
Yield: 2.0 g.moles (84f°) •
(c) Ethyl magnesium bromide
Ethyl bromide (152 mis., 2.02 g.moles) in ether (200 mis.) was 
added to magnesium turnings (50 g,, 2.06 g.moles) in ether (250 mis.) ever 
2,5 hours. The reaction, which was readily initiated witn ethyl bromide, 
was carried out at 0°„ The Grignard reagent was made up to a litre.
Yield: 1*60 g.moles (80$).
(e) n-Propyl magnesium chloride
Two preparations carried out, both as follows: n*-propyl chloride 
(100 mis., 1.15 g.moles) in ether (150 mis.) was added to magnesium turnings 
(28 g., 1,15 g.moles) in ether (200 mis.) at room temperature. A crystal 
of iodine was required to initiate the reaction* Preparation (i) was 
made up to a litre; (ii) to 500 mis.
Yield: (i) 0.88 g.moles (]Qfo)
(ii) 0.85 g.moles {ijfi)
(E) n-Butyl magnesium chloride
For both preparations n-butyl chloride (dried over CaCl^ , and 
redistilled; 1,55 g.moles) in ether (170 mis.) was added to magnesium 
turnings (55 g., 1.57 g.moles) in ether (2C0 mis.) at room temperature.
The reaction was initiated with a crystal of iodine as well as +he halide. 
The Grignard reagent was made up to a litre.
Yield: (i) 0.95 g.moles (70$)
(ii) 0.97 g.moles (72$)
2* The Preparation of dialkyl zincs using zinc chloride
(A) The general method r
The use of this reaction as a general preparative method [lio] was 
examined:
2 RMgX + ZnCl2   B Z^n + 2 MgCI.X.
The reaction was carried out in the apparatus shown in Fig. 8. A 
solution of zinc chloride in ether was placed in the large flask and the 
Grignard reagent was added at such a rate as to maintain a steady reflux# 
Stirring was continued for an hour after addition was complete, and then 
tap A was opened and the ethereal solution was allowed to filter through 
the sintered glass disc to the receiving flask under gentle suction. The 
magnesium lialide was washed once with ether, and the washings collected 
with the main filtrate. The filtration was slow (10—15 hours).
The dial'kyl zinc was obtained from the ethereal solution by 
fractional distillation using the arrangement in Fig. 9. The nine inch 
fractionating column was packed with glass helices; the distillate 
was removed via the variable take off (tap a); the fore- and after-runs 
passed directly into the round bottom flask, while the main fraction
Figure 8: Apparatus for the preparation of dialkyl
zincs fron Grignard reagents.
dry and 
deoxyge:
sintered°glass 
pad. -
-347- ;
Figure 9« The Fractionating Apparatu
9” column 
packed with 
glass . 
helices,
regulated 
by screw 
clip*
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was collected by closing tap B. At the end of the distillatior tap C was 
closed and nitrogen was let into the rest of the apparatus, allowing any 
impurities in the nitrogen to react with the zinc alkyl present. Tap C 
was then opened and the receiving flask was filled with pure nitrogen.
Both of the taps D and E were opened to the vacuum line during distillation 
to prevent uneven pressures in the qpparatus. The pressure was controlled 
by the screw clip which regulated the flow of nitrogen into; the vacuum 
line. This method of fractionation was used throughout to purify the 
dialkyl zincs.
Ethereal solutions of zinc chloride were prepared by the method 
of D.A. Shirley [l10], and analysed for zinc by the E.D.T*A. method.
(b) The preparation of di-n-butyl zinc
An ethereal solution of n-butyl magnesium chloride (155 mis.,
0.16 g.moles) was added slowly to a solution of zinc chloride (10.6 g.,
0,078 g.moles) in ether (500 mis.). The ethereal filtrate, combined with
the ether washings (100 mis.), when fractionally distilled gave di-n-butyl
zinc (5.5 g.)> b.p. 59-41 °/l.2 mm., in 4-0$ yield. (Pound Zns 35*4^ ,
C0H,_Zn requires 35.4/0. Neither the ether filtrate nor the dialkyl o 18
contained any magnesium ion.
(C) The preparation of di-n-pro-pyl zinc
An ethereal solution of n-propyl magnesium chloride, (200 mis.,
0.177 g.moles) was added over two hours to zinc chloride (l2.2g., 0.090 
g.moles) in ether (400 mis.). Di-n-propyl zinc (7.1 g.), b.p. 47°/l7 mm.
was collected in 56$ yield. The residue in the distilling flank analysed 
for Zn (expressed as di-n-propyl zinc): 3»4 g», and magnesium (expressed 
as magnesium ion): 0.24 g. No magnesium was present in the dialkyl (Pound:
Zn: 43.5$, OH, Zn requires 43.2$).
6  * 4- . •
Thus it was possible to prepare dialkyl zincs in reasonable yield by 
this method. Only small quantities of dialkyl could be prepared however 
because the zinc chloride did not dissolve very readily in,the ether, and 
it was difficult to filter concentrated solutions. Noller’s method, to 
be described next, was therefore subsequently used,
3. The Preparation of dialkyl zincs using a zinc Conner couple.
(Nbllerf3 method) [109].
(a) The general method
/n intimate mixture of zinc powder and copper oxide in the w/w. 
ratio of 1 3/1 was heated strongly 3-4 times in a stream of hydrogen in a 3 
necked flask. As the reduction proceeded, water vapour condensed in the 
cutlet tube and the couple darkened. The couple was guarded by a vigorous 
flow of nitrogen while the three necked flask was fitted with a mercury 
sealed stirrer, a double surface condenser and a dropping funnel, all 
oven-dried, A nitrogen "guard” was then fitted to the apparatus by 
passing nitrogen through two T-pieces to a bubbler. One T piece was 
connected to the top of the dropping funnel, and the other to the exit 
of the reflux condenser. An equimolecular mixture of the alkyl bromide
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and alley 1 iodide (together about one half mole equivalent to the zinc) was 
added slowly to the well-stirred couple* It was difficult to initiate the 
reaction; the addition of some unwanted dialkyl zinc, and the application 
of a warm water bath sometimes helped* The reaction has a tendency to ini­
tiate suddenly and reacts vigorously if a large excess of alkyl halide is 
present.
After the addition was complete, the apparatus was left overnight 
and the next morning the dropping funnel, stirrer and condenser were 
detached and replaced by two stoppers and a glass connecting tube (y” 
diameter)* During this operation, the solid alkyl zinc halide was pro­
tected by a cover of nitrogen. The connecting tube le<? to a two necked 
flask, the other neck of which was connected to a vacuum lire via a trap, 
fitted with a removable round bottom flask, immersed in a drikold-acetone 
bath* Unreacted halide was pumped off, firstly using the water pump and 
then an oil pump, and condensed in the trap together with any dralkyl 
zinc that had formed* The receiving flask was then immersed in a drikold 
acetone bath and the reaction flask was heated to about 150° in an oil bath* 
The dialkyl zinc which distilled over was collected in the receiving flask 
and then fractionally distilled*
(b) The preparation of di-ethyl zinc
A mixture of ethyl iodide (78 g., 0.5 g.moles) and ethyl bromide 
(54.5g., 0.5 g.moles) was added to the zinc copper couple (Zn 130 g«,
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CuO 10 g,) over three hours* The reaction was initiated using di-n-butyl 
zinc (1 g*) and a warm water bath* Next day unreacted halide and dialkyl 
was pumped off (0.2 g*) and the ethyl zinc halide yielded diethyl zinc over 
the range 100°/4 mm. - 160°/2 mn. Glass wool had been placed in the 
receiving flask to facilitate the re-distillation of the crude yield (50 g. 
81$). The product was fractionated and gave diethyl zinc (40.8 g.) b.p, 
51-52°/75 mm., (lit. Et2Zn 117.7°/760 mm* [107] 16°/9.5 nmi." [108] ) in 67$ 
yield. (Pound Zn 53.0$; C^ H Q^Zn requires 52.6$. Moles of active 
alkane =2.04).
(C) The preparation of di-propyl zinc
n-Propyl iodide (170 g*/ 1 mole) and n-propyl bromide (123 g.» 1 mole) 
were added over 4 hours to the zinc copper couple (Zn 260 g., CuO 20 g.) 
warmed on a water bath (50°). Next day the unreacted material (10.5 g») 
and the crude product (102*6 g., 68$) were collected. The n-propyl zinc 
halide decomposed at around 120°/2 mm. The product was fractionated and 
gave di-n-propyl zinc (81 g.), b.p, 48.5 - 49°/l5 mm0 (lit 480/10 mm, ?
. [108], 39-40°/9 mm. [109] ) in 54$ yield. (Pounds' Zn 42.8$; C^H^Zn 
requires 43.1$. Moles of active alkane = 2.01)*
(d) The preparation of di-n-butyl zinc
n-Butyl iodide (92 g., 0.5 g. moles) and n-butyl bromide (68*5 g«,
0.5 g.moles) were added over 5 hours to the couple (Zn 120 g., CuO 10 g.) 
warmed on a water bath (50°). The next day the reactants still appeared
- 152 -
very mobile, and so the reaction was heaced (70°) for a further 6 hours.
The unreacted halides were pumped off for 1-J: hours at 15 mm. and then the
oil pump was applied, the reaction flask heated and the crude product
trapped out in the receiving flask* The crude product began to distil
across at 60° (0.07 mm.).
The crude yield (48,3 g. 54$) was fractionated to give di-n-butyl
zinc (33.9 g.), b.p. 61°/4 mm. (lit. 81-82°/9 mm. [109] ) in 38$ yield.
(Pound Zn 36.5$, C0H Zn requires 55*4$* Moles of active alkane = 1.95).
0 I 0
(E) The preparation of dimethyl zinc
Methyl iodide (171 g., 1.20 g.moles) was added over 4 hours to the 
zinc copper couple prepared from Zn (130 g., 2.00 g.moles) and copper 
oxide (10 g.). A small amount of diethyl zinc (3 g.) was used to initiate 
the reaction. Next day, the dropping funnel and condensers were replaced 
by stoppers, and the flask, still fitted with the stirrer, was placed in 
the dry box that had been flushed out with Co2* This was necessary 
because the product of the reaction fumed very strongly and inflammed in 
contact with air* The stirrer was replaced by the glass connecting tube 
temporarily closed at the other end by a round bottom flask (25 mis.), the 
apparatus removed from the dry box and assembled with a weighed receiving 
flask and weighed round bottom flask fitted to the trap in the vacuum line. 
The apparatus was pumped down on the water pump and then with the oil pump 
(1 mm.) for 3 hours. A liquid air trap was then applied to the receiving
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flask, and the reaction flask heated up to 160° (max.) on an oil bath* at ■;
■ ' u
0*05 mm. for one hour* ipl
66*5 g. of a product (A) were collected in the trap, less than 0,5 g. ',
in the receiving flask. Samples of product (a), analysed for zinc, !
y,
corresponded to 49$ (his.) by weight of dimethyl zinc and analysed for
active alkane tc 57$ and 53$ dimethyl zinc* The alkane value was approximate;•;
* ;’i •■ :•
the hydrolysis was violent and had to be effected using a large reaction 
vessel (1 litre) under negative pressure. The product (a), taken to be
%
methyl iodide (33.5 g«) and dimethyl zinc (33 £•)> represented a 77$ recovery 
of starting materials. K
A second zinc-copper couple (260 g. Zn, 20 g. CuO) was prepared in a 
250 ml, flask. Product A was added to this in the dry box, (The two 
flasks were joined together using a still-head and A was poured on to the 
couple; a drikold acetone bath was ready in the dry box in case a vigorous 
reaction ensued). The flask containing the couple was fitted with a 
vertical double surface condenser which lead to a still head fitted with a 
dropping funnel at the top and a double surface condenser on the side arm.
Three flasks (2 round bottom, 1 receiving flask with a vacuum tap in the 
side-arm - as shown in Pig. 9) were joined to the condenser via a pig.
A nitrogen guard was connected to the dropping funnel and the exit of 
the pig. The apparatus stood overnight. The next day,- methyl iodide 
(91 s., 0. 64 g.moles) was slowly added to the couple, and the dropping 
funnel was replaced by a thermometer. The reagents were refluxed for
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11 hours on an oil bath at 55° and then left standing overnight, Next day
the product was distilled* Two fractions were obtained.
Fraction 1s b.p, 44°-44.4° (corrected)/768 mm. 12,7 g*
Fraction 2: b.p. 44*4° (corrected)/768 mm. 51.4 g.
Nothing distilled above 44.4° (b.p. Me^ Zn (lit*) is 44°/760 mm. [107] ).
Both fractions were analysed for zinc:
Fraction 1, found Zn = 65.7$; fraction 2, found Zn = 67.7$.
(CJL-Zn requires 67*5$).2 o
It was not possible to measure the active alkane by direct hydrolysis. 
The total distillate, taken to be dimethyl zinc, represents an 85$ 
yield based on the amount of product (a) and methyl iodide added.
Dimethyl zinc is highly reactive. Both the dialkyl and solutions
of it (50$) are spontaneously inflammable in air. It will ignite at the
neck of its container, if opened, and in enclosures only partially purged
with nitrogen,
4. The Preparation of unsymmetrical dialkyl zincs 
(a) The general method
The unsymmetrical dialkyl zincs were prepared by reacting a Grignard 
reagent with an alkyl zinc halide prepared by Noller’s method:
J ■
RMgX + R’ZnX — V  RZnR» + MgX2
The alkyl zinc halide was prepared as described previously, and
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was pumped free of unreacted halides, and then an equimolecular quantity 
of Grignard reagent was added at a rate sufficient to maintain a gentle 
reflux. The solution was stirred for a further 1-2 hours after the addition 
and then the ether was taken off on the water pump using the arrangement 
already described for collecting the symmetrical dialkyl zincs. The 
products, particularly the lower boiling dialkyls, are quite volatile in 
the ether, and so the ether was removed very slowly. The residue was pumped 
over using a high vacuum pump and the crude product was trapped out in the 
receiving flask. The crude product was then fractionated to give the 
unsymmetrical dialkyl zincs.
(B) The •preparation of ethyl zinc n-propyl
Preparation 1. The product of the reaction between ethyl zinc halide, 
prepared using ethyl iodide (47 g»f 0.3 g.moles), ethyl bromide (33 g»*
0.3 g.moles) and a zinc copper couple (Zn 143 g*? CuO 11 g.), and n-propyl 
magnesium chloride (494 mis, 0.58 g.moles) was collected at 0,05 mm, using 
a liquid air bath, and fractionally distilled. The main fraction (20.5 g., 
39$ yield based on pure EtZnPrn) was collected over the range 35°/l8-12 mm. 
(lit* EtZnPr11 27°/l° Em. C108] ). It analysed as follows:
Zn : 46.4$, C H^Zn requires 47.5$.
Active alkane: 1,95 moles
Ethane/propane: 0.70/1.00
The ethane: propane ratio indicated that the product was not
greater than 82$ EtZnPr11. (82$ C^H^Zn + 18$ C^H^Zn requires Zn: 46.7$).
- 156 -
The product was therefore not used; it was added to the crude yield of 
preparation two.
Preparation 2. Ethyl zinc halide was prepared using ethyl iodide 
(70 g,, 0.45 g.moles), ethyl bromide (49 g.* 0*45 g.moles) and the zinc 
copper couple (Zn 1 30 g., CuO 10 g.). To this was added n-propyl magnesium 
chloride (495 mis., 0,83 g.moles). After about half of the ether had been 
removed, the distillate was trapped out in the receiving flask. (2 hours, 
initially water pump, then oil pump down to 0.05 mm*)*
To the crude yield was added an ethereal solution of part (c, 12 g«) 
of the. product of preparation 1. This was fractionated. Ether (39 g.) 
containing about 12$ dialkyl zinc was trapped out in the vacuum line. The 
fore- and after-run (28,4 g.) was collected over the range 25-41°/20 mm,, 
and above 45°/20 mm. The main fraction (22.0 g.) was collected over the 
range 42-44°/20 mm. (lit. EtZnPr11: 27°/l0 mmc [108] ).
The ethane/propane ratio of the product was 1.16/1.00, i.e. it 
contained not less than 7.5$ diethyl zinc. (An air lock in the neck of 
the forerun flask - above tap B, see diagram 9 - had certainly caused 
a small amount of diethyl zinc to be transferred to the receiving flask).
On cooling the product in a carbon dioxide acetone bath, the diethyl zinc 
crystallised out, and the supernatant liquid was syringed off. It 
analysed as follows:
Pound Zn: 47.2$ (C_H Zn requires 47.5$)
5 12
Active alkane: 1.97 ethane/propane: 1.00/1.00.
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This was taken to be pure ethyl zinc n-propyl. Its approximate yield 
was 16$ (based on both preparations).
(c) The •preparation of n-urobvl zinc n-butvl
nrPropyl zinc halide was prepared using n-propyl iodide (29 g., 0*17 
g.moles), n-propyl bromide (21 g., 0.17 g.moles) and a zinc copper couple 
(Zn: 87g,, CuC 7 g.) , initiated by dx—n—propyl zmc (4* g.) • n—Butyl 
magnesium chloride (333 mis., 0.33 g.moles) was added to this. After 
removing the ether on the water pump, the dialkyl was removed at room 
temperature using a mercury diffusion pump. The crude yield (47 g.) was 
trapped out using liquid air. It was fractionated as follows.
Forerun: 28-37°/3 nim.
After run: 44~/*-8°/2.5-3 mm** mostly 47-48°/2.5 mm.
Combined yield c. 20 g.
Main fraction: 38-43°/3 mm- Yield: 8*6 g., 15$.
Found Zn: 39.8$, calc, for C^H^Zn, Zn: 39.5$.
Active alkane 1.89 moles. Propane/butane: 1 .08/1 *00, i.e.
product was 96$ n-propyl zinc n-butyl.
Before the n-propyl zinc n-butyl had been prepared, a mixture of 
di-n-propyl zinc and di-n-butyl zinc was fractionated. Two distinct 
fractions were obtained as is shown in Graph 1 • The first, b.p. 30°/4mm., 
corresponded to di-n-propyl zinc; , the second, b.p. 60°/3.5 mm., 
corresponded to di-n-butyl zinc. The time-temperature curve rose
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sharply between the two fractions indicating that the fractionating appara­
tus was able to separate the two compounds efficiently.
(D) The attempted preparation of methyl zinc ethyl
It was not practical to prepare the methyl zinc halide (cf. p.152 ), 
therefore the ethyl zinc halide was prepared using ethyl iodide (85*9 g*> 
0.55 g*moles), ethyl bromide (66 g., 0.55 g.moles) and the zinc copper 
couple (Zn. 260 g., CuO 20 g.). The Unreacted halide amounted to 0.28 g.
To the zinc halide, methyl magnesium iodide (395 mis., 1.05 g.moles) was 
added over two hours. After stirring for a further hour the ether and 
dialkyl zincs were removed, firstly on the water pump (1 hour) then on the 
high vacuum pump (0.05 mm. 1 hour). The reaction flask was immersed in 
a tepid water bath (40°). Both the ether and the dialkyls were condensed 
in the receiving flask, using a drikold trap, Decause the dxalkyls were very 
volatile in the ether. The crude product (160 g.) was fractionated at 
atmospheric pressure. Maintaining a steady take-off, the temperature of 
distillation rose slowly from 36°-47° (ether, le^ Zn) over 1 hour, remained 
steady at 47° (Me^ Zn) for 2 hours, rose abruptly to 117° in less than 10 
mins., and finally remained at 117-118 (Et^ Zn) for 35 mins. No inter­
mediate fraction was collected.
The diethyl zinc (34 g.), b.p. 117°-118°, collected represented a 
53$ yield. A residue (13 g.) remained in the distilling flask. The 
ether and dimethyl zinc forerun was allowed tc oxidise slowly. The
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product (75.2 g.), which was still active to water after 5 days, was 
dried (15 mm. 20°) for 12 hours. Taken to be (MeO)^ Zn it represented a 
112$ yield of dimethyl zinc.
5* The manipulation of the dialkyl zincs
The reactions between the dialkyl zincs and the various reagents 
were carried out by either crushing or snapping a capsule of the dialkyl 
zinc in the presence of the reagent (generally in solution).
The crushing capsules were ampoules blown from 2.5 mm. 0.diameter 
soda glass tubing, of dimensions; neck 2.5 mm; bulb 8.0 mm. They held 
0.1-0.5 g. of dialkyl, and were crushed in the hollow base of a glass rod. 
(Ses Fig.10, p. I64). The snapping capsules were 6 mm. o,diameter soda glass 
sealed at both ends, of length 7 cms. They held 0.2-1.0 g. They were 
scored by a glass knife and then broken in a ball and sockeb joint attached 
to the reaction flask. (See Fig. 12, p. 190).
Both types of capsule were oven-dried, flushed with nitrogen and 
then filled by syringe in the nitrogen box. The dialkyl was syringed 
directly into the ampoule which was quickly sealed on removing from the 
dry box. To make the snapping capsule, the glass tubing was sealed at 
one end and pulled into a neck, two-thirds along its length; after 
syringing the dialkyl into the bottom of the capsule, it was removed 
from the box and quickly sealed at the neck. Both types of capsule > 
were weighed full and empty.
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The stopper of the dialkyl zinc container was replaced with a 
self sealing cap in the nitrogen ‘box. Quantities of dialkyl zinc could 
then he syringed from the flask as required,
6, The composition of the dialkyl zincs used in the competition 
reactions
Each of the subsequent sections deal in part withrcompetition 
reactions involving either R^Zn/R’^ Zn or RZnR’. The composition of the 
mixtures used is summarised below in Table 17 to which reference will 
frequently be made.
In column 6 the g.moles of alkane evolved on aqueous hydrolysis is 
expressed relative to the grammes of the dialkyl zinc. This is because
the mixture does not have a discreet molecular weight. The grammes of
zinc dialkyl may be converted to g.moles of dialkyl zinc using the ratio 
of the two components R^Zn and Rt^ Zn.
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TABLE 17
The composition of the mixtures used 
in the competition reactions
Ref. No. R Z^n R^ Zn
Moles of alkane 
(relative to Zn 
(E.D.T.A.))
RH
R'H
g.moles of alkane 
g.of dialkyl zinc
1 a.
1 b. 
1c.
2 a. 
2 b.
P*2Zn
Pr^ Zn
Pr^ Zn
Et^ Zn
Et22n
Me2Zn
Bu^ Zn
Bu2Zn
«  n - ,  Bu22n
Pr Z^n
Pr^ Zn
Et02n
1.83
1.98
1.92
1.85
1.96
1.96
1.22 1.11 X 10“2
1.37 1.20 X 10~2
1.45 1.17 X
CM1O
0.65
1.04
1.08
1.37 x 10
-2
1.42 x 10
-2
1.30 x 10-2
*in eyelohexane solution (c. 70^ w/w RZn/cyclohexane).
i i I 2  ,
For reference, the RZnR* compositions were:
Ref. No, R-Zn-R*
Moles of alkane 
(relative to Zn 
(E.D.T.A.) )
RH
R’H
Moles of alkane 
(relative to RZnR1)
Prn-Zn-Bun
Et-Zn-Prn
1.88
1.98
1.08
1.00
1 .89 correc­
ted for 4% PrjJZn 
impurity.
1.97
SECTION III
THE AUTOXIDATION OF DIALKYL ZINCS
The autoxidations wefe carried out using a gas burette. The 
arrangement used in shown in Fig* 10. The following standard procedure
f" ■
jms adopted. The reaction flask v/as taken from the drying oven and set 
up with the capsule in place. It was evacuated on the water pump 2 - 3  
times via taps A and B, and filled between evacuations with oxygen enter­
ing through the gas inlet tube. By careful manipulation of tap A the 
burette Yf&s also emptied of gas and partly filled with oxygen. Tap B 
was then used as a vent while the gas inlet tube remained opened. The 
solvent (c. 25 mis.) ¥/as. syringed into the reaction flask and after 
flushing out for 10 - 15 minutes the gas inlet tube was closed and tap A 
connected to the gas burette only. Fifteen to thirty minutes elapsed 
before the capsule was broken to allow the oxygen and vapour to equilibrate. 
In the competition reactions the alkane evolved on hydrolysis vms flushed 
out from the solvent. The flushing gas entered via the inlet tube and 
was collected over water in the 1 litre inverted separating funnel.
G-aseous samples for G-.L.C, were syringed from the top of the funnel via 
the self-sealing cap.
The gas burette design and standard technique was developed during
-j-Sure 10# The Gas Burette
Tap A
Tap B
Gas 
^pinlet 
r \ tube.
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the preliminary runs. Thus the arrangement originally used had a rubber
bung instead of the B24 standard glass joint on the reaction flask and 
rubber tubing connexions to the gas burette; the capsule was added after 
the flask has been flushed out and the solvent saturated Y/ith oxygen.
Using this original apparatus various solvents were examined. The zinc 
dialkyl used was di-n-propyl zinc.
The results are tabulated belo?/ (Table 18).
TABLE 18
Solvent ; Time
I(mins»)
Uptake in mole s Peroxide in moles j
(relative to the g.moles of active dialkyl) j
di-isopropyl ether! - I Continuous - some autoxidation of the j 
; di-isopropyl ether must be occurring *
di-n-butyl ether j 1
3
; 120
0.7 5 
1.0 
;■ 1.4
i . . .  ........... - ............. 4
j
{
1.2 j
anisole j 2 0.6 j |
! 16 1.1 j
! 91t ■ 1.2 ;i . . . . . . .  ;• 0.9 !
diethyl ether j 2
r „ j
o . 6 o  ■ j
1 5
I
0.88
i 30 1.00 i
: 130 1.15 j 0.95 j
toluene 1 1.15 i
3 1.20 0.85 1
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It was thought that the high vapour pressure of the diethyl ether 
would preclude its use as a solvent, but the uptake proved to be quite 
fast and readily measurable in it. As it was easier to obtain and to 
purify than the other solvents it was used for subsequent reactions.
The alkyl was allowed to take up oxygen in a gas buret te, the 
reaction stopped by injecting aqueous acid after a certain time interval, 
and the peroxide formed then estimated. The overall picture was obtained 
by carrying out some 35 runs over time intervals ranging from 30 secs, 
to 20 minutes and plotting oxygen uptake against peroxide formed (Graph 2) 
and both the uptake and peroxide against time (Graph 3).
The rate of oxygen uptake depends on (time and) such factors as 
the solvent, the concentration of dialkyl and the efficiency of stirring. 
These were made as standard as possible but some scatter occurred on the 
uptake-against-time curves. Some preliminary uptakes were carefully 
folloY/ed. The uptake against time plot was a smooth curve, but there was 
some deviation (max. - 0.1 mole at 1.0 mole uptake) from run to run. To 
minimize the effect of this on the "instantaneous" experiments (when the 
uptake was stopped after a specific time interval), 3 - 4  readings were 
taken for each time interval and averaged. The corresponding peroxide 
results were similarly averaged. The results are summarized in Table 19 >• 
which supplies the data for the Graphs 2 and 3*
The uptakes were carried out on the same apparatus as used for the
h h r h r i l l . i ! ; ]
' 'mb,
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* • N*pPopgZnIIH j Oxygen, i I uptake related;tbi• peroxide forme’d.[H[j
iimoles.jof
peroxide.
peroxide:X
a l » l l
G-ra-nh 2.
: lime::!: mins:.:
i - - moles
7r:-of Lpeioxiae.
jHTt
!: Graioh Q .l: :
1
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preliminary runs. The following conditions were used: the solvent,
diethyl ether (25 mis.) was flushed out with oxygen for 10 - 20 minutes.
The capsule containing di-n-propyl zinc (0.12 - 0.20 g.) was added and the 
system allowed to equilibrate for 1 hour. The capsule was broken, the 
stirrer started and the uptake follo?\red on the gas burette. At the appro­
priate time the burette reading was noted and two ml.s of 50^  aqueous 
acetic acid was syringed into the flask through the self-sealing cap (the 
time taken for this varied, but was invariably less then 10 secs.). The 
peroxide was estimated straight away.
The dialkyl tends to deteriorate with time. This series of runs 
was carried out over two sets of two weeks. For the first set the active... 
alkane was 1.80; for the second 1.70. Both the moles of uptake and
moles of peroxide are expressed relative to the g.moles of active dialkyl.
TABLE 19
I Moles of oxygen uptake ; Moles of peroxide formed 
(relative to g.moles of k)tive dialkyl)
Time
Minutes
I 0.62 
0.75 
0.84 
0.86
1.04
1.05 
I 1.13 
j 1.25 
; 1.39
0.06
0.34
0.47
0.57
0.61
0.70
0.75
0.77
0.84
0.78
0.94
0.50
1.00
1.80
2.50 
2.92
3.50 
5.17 
6.00 
9.00
14.50
17.50
35 Uptake too fast to measure in this range.
- 1 6 9  -
(C) The competition reaction: analysis of products by the alkane evolved
In order to compare the rates of oxidation of different alkyl groups 
attached to the zinc, a mixture of two of the dialkyl zincs was allowed to 
take up oxygen. After about 1 mole had been taken up, the reaction was 
stopped by the addition of aqueous acid and the products analysed.
The reaction was carried out using the gas burette and the apparatus 
illustrated in Fig. 10 and, at first, by the standard procedure already 
described. That is, the apparatus was set up with the capsule in situ, 
flushed with oxygen, and the solvent added by syringe. The solvent was 
flushed Tirith oxygen and then allowed to equilibrate. The capsule was 
then broken and the autoxidation proceeded. The alkane evolved on hydro­
lysis was flushed out and collected in the separating funnel. Samples 
for G.LoC. analysis were taken from the collecting device through the 
self-sealing cap using a 1 ml. tuberculin syringe which was graduated 
down to 0.01 mis.
The response of the gas liquid chromatogram, measured by cutting out 
and weighing the area under the curves, was reproducible to better than 
5% for absolute quantities of alkane larger than 0.01 ml. syringed on to 
the column. The response was calibrated by flushing across a measured 
amount of alkane derived from aqueous hydrolysis of the dialkyl mixture 
in the presence of nitrogen.
The alkane expected was derived from the equation s
170 -
R2Zn + xo^  --^ 2 Zn(00R)2 + (x “ y) Zn(0R)2 + (l - x + ^ ) R2Zn
where x » no. of moles of oxygen absorbed, 
y = no. of moles of peroxide formed.
2 - 2 x + y = no. of moles of alkane expected.
[N.B. The above results hold whether the peroxidic material is 
Zn(00R)2, RZnOOR, etc.J
It immediately became apparent that the alkane evolved was consider­
ably less than expected. Conditions were varied, but in every case, 
hydrolysis after oxidation always resulted in considerably less alkane 
than was expected (Columns 9 and 10, Table 20),
Before proceeding, a brief explanation of the various headings in 
Table 20 is given
Column 2. The alkyl refers to the zinc dialkyl used. The mixture 
(Pr2Zn, Bu^ Zn) used was No.la in Table 17; the Pr^ Zn used contained 
1*70 moles of active alkane.
Column . if.. Refers to the time elapsed between breaking the capsule 
and the addition of the hydrolysing agent, except for runs 16 - 20 inclu­
sive where it refers to the time at which the oxygen was pumped off.
Column. 5, The g. moles of active dialkyl was half of the g.moles 
of alkane evolved on hydrolysis of the sample. The weight of the sample 
can therefore be derived from column 6, Table 17, in the case of the 
mixture, and from the moles of active alkane in the case of the
-171 -
di-n-propyl zinc.
Columns 6, 7 and 8, The oxygen uptake and peroxide formed were 
measured, and expressed in g.moles. When expressed relative to the 
g.moles of active dialkyl we obtained moles of oxygen uptake and peroxide 
formed* Using the relation derived above, we obtained the moles of 
alkane expected on hydrolysis.
Column 9. The moles of alkane expected on hydrolysis were con­
verted to mis, by the relation :
mis, of alkane = moles of alkane x g.moles of active dialkyl x
22.114 x lO3.
Column 10. The mis. of alkane actually evolved were obtained by 
measuring the size of the response obtained On the G-.L.C, and comparing 
it to the response of a known quantity of alkane collected under the 
same conditions.
Column 11, The ratio of propane to butane was obtained using the
G-,L,C«
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As stated, the initial experiments were carried out on the mixture 
using the previously standardized procedure; when the discrepancy was 
discovered and duplicate experiments had been carried out, the conditions 
were varied, slightly afc first, more drastically later. Also the simpler 
case of a single dialkyl zinc reacting with oxygen was studied under various 
experimental conditions. The extent to which each run deviated from the 
standard procedure is indicated below*
The deviation of the runs from the standard procedure
Runs 1 - 8  were all carried out according to the standard procedure, 
except there was some variation in the hydrolysing solutions used. These 
are indicated in column 3* In runs 1 and 2 the alkane was flushed out 
with oxygen, but for all subsequent runs nitrogen was the flushing gas.
In run 8 the hydrolysing solution was added to the ether, saturated with 
oxygen, before the capsule was broken. The calibration of the response 
on the chromatogram was checked and found to be unchanged between runs 
5 and 6.
In run 9 the ether was purged with nitrogen, which was collected, 
immediately before hydrolysing. After hydrolysis all the nitrogen that 
had been collected was examined for .alkane. The standard procedure was 
used for runs 10 and 11. Cyclohexane (25 ml.) was the solvent for runs 
12 and 13, and 10 Nhydrochloric acid (4 ml.) was the hydrolysing reagent 
for runs 13 and 14* In run 15 the capsule was broken in ether saturated 
with nitrogen. The dialkyl was hydrolysed with glacial acetic acid (2 ml.)
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after 5*5 mins. In run 16 the oxygen was pumped off, nitrogen let in, 
and the dialkyl hydrolysed with a 50/50 v/v.solution of concentrated 
sulphuric acid in ether (4 ml.). .
In runs 17 and 18 the peroxide estimation was carried out in situ 
as follows.. if ter the uptake, the flask was pumped out three times via
taps A and B and nitrogen let in. A solution of glacial acetic acid 
(5 ml.) in isopropanol (20 ml.), followed by a saturated aqueous solution 
of A.R. potassium iodide (5 ml.) was then injected. In run 17 the flask 
was covered with brown paper and the peroxide was estimated the next day 
by syringing standard sodium thiosulphate into the flask. The alkane was 
then collected. In run 18 the formation of the iodine by the peroxide 
was accelerated by adding 2 drops of ferric chloride solution. After 
two hours, the peroxide was estimated and the alkane collected.
In runs 19 and 20 the ether was pumped off after the required uptake. 
The white solid remaining was hydrolysed with N/2 (2 ml.) and the
gas evolved measured on the gas burette and then flushed over. The gas 
evolved, on analysis by G-.LoC. was found to contain a large proportion 
(c. 2/3) of ether.
When the volume of gas detected has been indicated as "approximate­
ly” (—  ), it means it was estimated by measuring the peak heights and 
not by weighing the peaks.
In several instances it was not possible to measure, either the 
oxygen uptake, or the peroxide formed accurately. obtain an estimate
of the moles of alkane expected in these cases the unknown figure was 
estimated from the known one (since it has been shown that the peroxide 
is related to the uptake). The alkane was therefore approximate, but 
served to support qualitatively the fact that there was a deficiency 
of alkane.
competition reaction? analysis lucts by the alcohol formed
A mixture of two of the dialkyl zincs was allowed to take up oxygen. 
The peroxides formed were reduced to the corresponding alkoxides by lithium 
aluminium hydride, the alkoxides hydrolysed to the corresponding alcohols 
by the addition of aqueous acid, and the alcohols estimated on the G-.L.C.
using diglycerol as the stationary phase.
The G-.L.C. indicated the relative concentrations of the alcohols in ■
the solvent. It was therefore important to measure the volume of solvent j [■;!■
used initially and the volume of any samples removed for peroxide analysis 
and to minimize evaporation losses of the solvent when pumping or flushing ;! i
it out.
The following technique was developed in rurs 1 - 3« The apparatus 
was set up directly from the oven with the capsule in position. BIt was 
pumped out twice and filled with oxygen. A measured volume of ether (25 ml.)
was syringed into the flask and flushed out with oxygen (5-10 mins.). | |
After equilibration (30 mins.) the capsule was broken, the stirrer started . ! 1
' ' ' ' ' i
and the uptake followed. It was stopped by removing the oxygen on the Kj
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water pump (until the ether started to boil). Nitrogen was then gently 
let in through the gas inlet tube. A measured sample was removed by a 
syringe and the peroxide estimated immediately. The self-sealing cap was 
removed and the LiAlH^ was added; the resulting slurry was stirred for 
1 - 2  hours. After this the flask was placed in an ice bath (otherwise 
the ether boiled off on hydrolysis),and the metal salts were hydrolysed by 
the careful addition of dilute sulphuric acid (2 ml.). A weighed quantity 
of the reference alcohol (octan-2-ol) was added and the ratio and quantity 
of alcohols present estimated. The results are tabulated below (Table 21). 
No peroxide sample was taken for run 3 to check that no error was occurring 
by removing a sample for the peroxide analysis.
TABLE 21
The competition reactions; analysis of the 
products by the alcohols formed
Run Active 
di alkyl. 
g.moles 
x 10~3
°2
moles
Peroxide 
relative to
\ Alcohol | Alcohol 
| expected 5 measured j 
active dialkyl j
1
PrOH
BuOH
1 2.93 0.37 0.58 ; 0.58 j 0.93 1 1.33
2 1.19 0.33 0.49 ! 0.57 11 * 1.26 |i 1.27
3 2.00 0.73 1 0.90 j 1.02 | 1.21
4- 2.10 0.67 0.54 | 0.80 I 1.07 ; 1.43 ;
5 2.4-0 0.55 0.33 ; 0.77 !! { 0.82 ! 1.04-
6 1.88 0.6o — | 0.70 j
! ii
1.27 |
I
1.36
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The table is briefly explained below s-
Column 2. The moles of active dialkyl has the same significance 
as previously.
Columns 3> 4 and 5* In each case the moles are expressed relative , 
to the moles of active dialkyl. The moles of alcohol expected is given 
by 2x - y where x = moles of oxygen uptake and y — moles of peroxide formed 
in
R2&n + x02 — £ | Zn(00a)2 + (x - y) Zn(0R)? + (l - x + J)R2Zn.
(1) LiAlH. 
i *f-
^ (2) hydrolysis
2x - y ROH (for x y)
Again this result is independant of whether the peroxidic or alkoxide 
material is (ROO^Zn* (R0)2Zn, etc.
Column 6, The alcohol was measured on the G-,L,C, by comparing 
the response to that of a known quantity of octan-2-ol.
The PTgZn/Bu^ Zh mixture used was No.lb in Table 17*
It was not possible to measure the moles of peroxide formed in 
runs 3 and 6. The peroxide was estimated from the oxygen uptake.
When it was discovered that the peroxide and oxygen uptake did not 
correspond to the alcohol obtained the reaction was investigated further. 
In run the uptake was stopped by the addition of distilled water
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(0.2 ml.), the oxygen pumped off, a peroxide sample removed and an excess 
of LiAlH^ carefully added to the residue. In run 5 the uptake was 
stopped ?;ith 3 N (3 ml;). Part of the supernatent ethereal solu­
tion was syringed off and the alcohol content estimated after the peroxide 
had been reduced! the remainder was analysed for peroxide. In run 6 
the uptake was stopped by the addition of an ethereal solution of iodine,
r" ■
and the alcohol estimated after reduction of the peroxide#
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SECTION IV
THE REACTION BETWEEN NITRIC OXIDE AND DIALKYL ZINCS
(A) Preliminary studies
The dialkyl zinc was allowed to take up nitric oxide in the gas 
burette (see Fig.10, p.164 ). The line between tap A and tap B was
replaced by a line (rubber pressure tubing) from tap A to two three-way
taps. In this wa.y, the burette could be connected to the NO generator, 
the nitrogen supply and the high vacuum line. The nitric oxide was 
generated by the addition of potassium nitrite solution to acid 
ferrous sulphate solution and purified by passage through a trap 
immersed in a drikold acetone bath and over potassium hydroxide pellets.
The reaction flask was a 150 ml. two-necked quickfit round bottom 
flask connected to the gas burette via a vacuum tap. The side arm was
fitted with a ball and socket joint sealed about three inches past the
actual joint. The capsule was broken by snapping it in the bsQ.1 and socket 
joint.
The apparatus was assembled and the solvent and capsule added. It 
was pumped down and filled with nitrogen three times, and then filled with 
nitric oxide. When equilibrium had been reached (c. 30 mins.) the capsule 
of dialkyl zinc was broken and the uptake followed. The results are 
summarized below (Table 22).
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TABLE 22
The uptake of nitric oxide by dialkyl zincs in a 
number of solvents
Zinc
Dialkyl
Solvent Active
Dialkyl _ 
g.moles x 10
NO 
i RH 
moles
Time taken for 
apparent cessa­
tion of uptake
Pr^ 'Zn xylene 23 ml. 0.77 2.22 60 mins#
Pr“Zn benzene 20 ml. 0.72 2.09 90 mins.
Pr^Zn benzene 13 ml. 1.96 1.92 230 mins.
Pr?Zn cyclohexane 10 ml. 1.02 2.06 60 mins.
Frazil benzene 4 ml. 1.38 1.8 20 hours
BUpZn benzene 20 ml, 1.02 2.02 18 hours
(B) The Nature of the product
NoB. The experiments in parts 1, 2 and 3 below were carried out 
by Dr. M. TI. Abraham, Dr. R. J, Abraham provided the p.m.r. spectra.
Di-n.propyl zinc (0.8l60 g.) containing 1.60 moles of active 
alkane (i.e. the sample contained 4.32 x 10 g.moles of active di-alkyl), 
in ether (23 ml.), was stirred under nitric oxide for 3 days. Approximately
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2 moles of nitric oxide were taken up. The nitric oxide and ether were 
pumped off at 40°/l mm. and the white solid remaining was hydrolysed with 
hot water, 0,85 moles, expressed relative to the active dialkyl, of gas 
were evolved. This gas was shown to contain propane only using the G.L.C.
A glassy solid (0,576 g.) was obtained from -the hydrolysed product
/ ■
(above), by following the procedure described by Frankland[77]• This repres­
ented a 99% crude yield based on the active dialkyl zinc. The glassy solid 
gave a crystalline solid (0.430 g.) on recrystallization from benzene, in 
74% yield, A sample was sent for microanalysis, and a sample was analysed 
on the thermogravimetrie balance. The microanalysis results were :
C 24.57; H 5*65; N 19.25. The thermogravimetric results were : 
weight loss from 50°-125°, 6.52%; Zn 22.08, (C^H^N^O^^Zn.H^O requires:
C 24.88; H 5.57; N 19.35; Zn 22.58; and a weight loss of 6.21% 
for 1 H^ 0.
„"Z
Di‘*n-propyl zinc (2,09 x 10 g. moles of active dialkyl) in cyclo— 
hexane (25 ml.) took up 2.03 moles of nitric oxide over two days. The
cyclohexane was then pumped off to a small bulk and the residual solid and 
cyclohexane was dissolved in benzene (50 mis.). This solution was thrown 
into benzene (50 ml.) continuously saturated with oxygen and stirred for 
5 hours, and then left overnight with oxygen passing through. The product 
was a clear, colourless solution (70 ml.) which was divided into two equal
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parts (35 ml,). Part I was tested for peroxide; it contained 0*13 moles 
of peroxide* Part II was pumped down to leave a clear, colourless liquid. 
No propane was evolved on the addition of hot water (4 ml.). Therefore, by 
difference, 0*77 moles of alkoxide had been formed:
0*77 Prn0 Zn O^Pr11
Pr Z^n + 2 NO  PrnZn O^Pr31 02 ,r
^ 0.13 Prn00 Zn O ^ P r 1
The p.m.r. spectra (e.g. Fig.ll) are in agreement with the structures:
/ n*\
j O - N - Pr |
Zn I I / Prn - Zn - 0 - N - Prn
\ 0 = N /2 N = 0
The Infra-red spectra have not yet been extensively studied, but 
there are no absorptions in the region 1300 - 2000 cm.  ^expected for 
coordinated N0+ [80] so that these compounds are unrelated to the usual 
type of transition-metal nitrosyl,
(C) The Competition reactions
The dialkyl zincs were allowed to take up nitric oxide. On com­
pletion of the uptake a warm water bath was applied and the nitric oxide 
and the solvent were pumped off on a high vacuum pump for 15 minutes*
The apparatus was filled with nitrogen, and the side arm replaced by a
f\
No oo;
o
O
O
P
I
 
(^«Xd^
M^
O)xiZ 
jo
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self-sealing cap. The white solid product was hydrolysed with O.JN.H^ SO^  
(lO ml.) syringed in through the cap. The alkane evolved was measured 
and its composition determined on the G-.L.C. The results are tabulated 
(Tables 23 and 24-)• There fo?.iows below an explanation of the two tables.
Nitrbsation of the :rical
Solvent NO EH* Alkane :JDlkahe Excesi
F rh ins* detected expected ratio
 ^~ moles —  -> {■,—  mis. - — . mis.
Propane
:
Butane ■Propane butane
Ether 25 ml. . - 0.80 16.9 13.0 21.5 13.7 1.05
Ethane Propane Ethane Propane
Cyclohexane 2oG7 0.73 9.1 32.6 22.7 34.9 1.18
10 ml.
Cyclohexane 1.98 0.82 9-1 27.4 17.4 26.8 0.94
10 ml.
Ether 20 ml* - 0.72 6.5 40.7 26.0 39.9 0.93
Methane Ethane Methaie. Ethana
Cyclohexane 1.96 0.97 28.9 25.6 29.2 27.0 1.02
10 ml.
Ether 10 ml. * 0.73 12.8 6.8 14.0 12.9 0.87
-W
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TABLE 24
ion o
Sub strate 
R ZnR1
Solvent Active
dialkyl
KH) .3 
g.moles x 10
NO
p H
mo!
RH*
p H
.es
rh
R’H
detect­
ed
RH
R*H
- In ori­
ginal
k '
K*
Pr-Zn-Bu Cyclohexane 
25 ml.
3.53 (1.6) 0.28 1.37 1.08 0.79
Cyclohexane 
10 ml.
2.08 1.94 0.94 1.31 1.08 0.82
Ether 10 ml. 1*24 - 0.94 1.30 1.08 0.83
Et-Zn-Pr Cyclohexane 
10 ml.
3.67 1.89 0.84 0.71 1.00 1.41
Cyclohexane 
10 ml.
3.12 1.85 0.82 0.83 1.00 1.21
Cyclohexane 
10 ml.
3.28 1.76 0.86 0.65 1.00
.
1.54
Ether 10 ml. 3.98 — 0.84 0.72 1.00 1.39
Table 23
The dialkyl zinc mixtures used were (see Table .17 p. 162):
Er^ Zn / Bu^ Zn, mixture lb,
Et^ Zn / Pr^ Zn , mixture 2a,
Me^Zn / Et2Zn mixture 3,
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Uptakes in ether could not be measured accurately. The reaction 
was left under nitric oxide (l - 3 &ays) until there was clearly no further 
reaction.
The moles, as usual, are expressed relative to the g.moles of 
active dialkyl.
RH* is the total alkane evolved on hydrolysis of the product of 
nitrosation.
The alkane detected was given by the relative proportions of the 
aLkanes, found using the G-.L.C., in the total alkane evolved.
The alkane expected is the quantity of alkane expected to be evolved 
on hydrolysis of the product of nitrosation if one alkyl group is left on 
each of the dialkyl zincs after reaction with NO.
where the starting mixture is R^ Sn/R^ Zn.
It indicates the relative extent to which each group has reacted at the
discussed (p.95 ). Therefore the ethane/propane and methane/ethane ratios
The excess ratio is an arbitrary quantity given by s
in alkane from hydrolysis of the nitrosated product
in alkane from hydrolysis of the starting mixture
time the reaction was stopped. For the mixtures EtgZn/Pr^ Zn and 
yie^ Zn/Et^ Zn, it has been assumed that the gas missing on hydrolysis
n u l
should = 1.00) is ethane. The reason for this assumption has been
-187-
used fcr the excess ratio include this correction for the missing ethane. 
Table 2k
Data for the two unsymmetrical dialkyl zincs is included in 
Table 17(p.162).
NO RH*The significance of and is the sameas in Table 23*giiii
RH^'detected is the ratio of alkanes detected (by G-oL.Co) in the
Jet n
gas evolved on hydrolysis of the nitrosated product. The ethane to
propane ratio detected (Col.6) has been corrected by assuming that the
RH*missing alkane (Col.3? should equal 1.00) is ethane only. The reason2kn
for this correction has been discussed (p.100 ).
PH in the original dialkyl has its usual meaning.
KThe ratio —, is givon by (p. 74 ),
K E'H
I- - [bzA ^ R ' T  " BH” deteoted-
The 1$ Pr^Zn impurity in the Pr Z^n was corrected for by taking the
reciprocal of RH (la+on+o(3 instead of R*H detected.
RH
in original ,
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SECTION V
THE AC I POLYS IS OF DIALKYL ZINdS
(A) Preliminary studies
The results of experiments to find a suitable reagent for the 
acidolysis of the dialkyl zincs are tabulated below (Table 25)•
TABLE 25
Preliminary studies on the acidolysis of dialkyl zincs
R£Zn Solvent Reagent 
and quantity
Temp, of 
reaction
Time for 
Reaction
Pr Z^n/Bu Z^n ether benzoic acid (l mole) 20° very fast
Pr^ Zn/Bu Z^n cyclohexane benzoic acid(l mole)
0oCM very fast
Pr2Zn ether hexyne-1 (l mole) 20° very slow
Pr2Zn di-isopropyl 
ether
hexyne-1 (4 moles) 68° very slow
Pr2Zn di-isopropyl
ether
p-toluidine(l mole)
OCOMO half life 
~  5 mins
The experiments in ether (at 20°) were carried out in the 
apparatus described for the oxidation reactions (Fig.10), A weighed 
amount of the reagent was added to the solvent and the apparatus quickly
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flushed with nitrogen. The alkane evolved after the capsule was broken, 
was flushed across and collected in the receiving flask. The apparatus 
used for the experiments in di-isopropyl ether is described in the next 
Section (see Fig.12).
(B) The competition reactions
The dialkyl zincs were allowed to react with p.toluidine in re- 
fluxing diethyl ether or di-isopropyl ether solvent in the apparatus 
illustrated in Fig. 12. The "H^ SO^  trap'’ contained Kieselguhr impregnated 
with concentrated sulphuric acid.
The apparatus was taken from the drying oven, assembled and flushed 
through with carbon dioxide which entered via the "gas inlet”. Diethyl- 
or di-isopropy1-ether (35-40 ml.), containing a weighed quantity of 
p-toluidine, which had been rec3?ystallized from A.R. benzene, was placed 
in the reaction flask. It was heated by a vapour bath of refluxing 
methylene chloride in the case of diethyl ether and refluxing cyclo­
hexane in the case of the di-isopropyl ether. When the air had been 
flushed from the apparatus the capsule Y/as placed in one of the side arms* 
This v/as done to minimise the time during which the dialkyl was at an 
elevated temperature. The apparatus was flushed through for a further 
five minutes, the C0^  then turned off and the level in the collecting 
device noted. The capsule was snapped in the ball and socket joint, arid 
the gas evolved slowly flushed across and collected over J)Qffo W/V NaOH
- 1 9 0 -
Apparatus for the -slow, hydrolysis 
experiments* y-
' ' V' ■ •. • : - t .. ; ' ; . • /  • Hr
■ 'i in 1 —1 ’ ■' .■- . twtiji . — ......     zr\■ ( s —  ^
j . HgS'O^Trap.
Gas
Inlet
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solution* A white deposit began to form after about 5 minutes in the 
refluxing di-isopropyl ether, and after about J hours in the refluxing 
diethyl ether. The CO^  was turned on again at the completion of the 
reaction (l-l-g- hours di-isopropyl ether, 3 hours diethyl ether) to flush 
the final traces of alkane from the apparatus.
The sulphuric acid trap was then renewed in the runs using diethyl 
ether as solvent, and flushed free of air. A second burette was used 
to collect the gas evolved when the remaining active alkyl ?/as hydrolysed 
by the careful addition of 3N.H2S0^ (2 ml.).
The volumes collected were corrected to N.T.P. after allowing for 
the vapour pressure and head of the sodium hydroxide solution, that part 
of the flushing gas that did not dissolve in the sodium hydroxide solution 
and the atmospheric pressure and temperature.
The ratio of alkane r in the gas evolved was measured on the G-.L.C. 
Consistent results could only be obtained if the collecting tubes were 
thoroughly shaxen before analysis. The results are tabulated below 
(Table 26). Explanatory notes on the table folio?/.
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The following mixtures were used (see Table 17, p.162): 
Et^n/Pr^Zn, mixtures , Col.4 = O.65)
Me^ Zn/EtgZn, mixture 3, 
PrZnBu, compound 4,
EtZnPr, compound 3*
The reactions took place at the temperature of the refluxing solvent. 
In each case moles is expressed relative to the g.moles of active 
dialkyl.
HA moles is the amount of p-toluidine actually added. Under the
conditions used all the HA Y/ill be used up.
Part 1 refers to the acidolysis part of the experiment.
Part 2 refers to the rapid hydrolysis of the remaining alkyl 
RH and R'H are the alkanes derived from the alkyl groups R and R*.
The total alkane is the total alkane collected, i.e. part 1 + 
part 2 moles.
The overall ratio
x Part 1 moles + x part 2 moles
total alkane (moles)
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(10) The excess ratio is given by :
excess ratio =l|k\rjpart 1.
K RH .. ... ,jTrTl initialTh):
This arbitrary figure gives some indication of the relative extent to
which each group has reacted at the time the reaction was stopped. 
K
K, is given by (see pages 74 76)
K _ log@ (mole fraction of ILZn remaining) 
^ log© (mole fraction of R Z^n remaining,
for the symmetrical mixtures, and
K _ R*ZnA /RH
K* ~ RZnA ~ F H part 1
for the unsymmetrical dialkyls. In the PrnZnBun case this racio must be 
corrected by dividing by ( j initial because oi> }+f° •^r2^ n j^nPur^ "^y?
hence :
^  ,  •'pane j.
X ( j
^Bu~ \ BuH I. ... 1\ /mxtial
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SECTION VI
THE IODINATION OF DIALKTL ZINCS
The same apparatus as described for the autoxidation reactions was 
used (Fig. 10). As there was no uptake tap A connected the reaction flask 
to tap B only. The apparatus, set up with the capsule in place, was 
evacuated 2-3 times on the water pump and filled with nitrogen through the 
gas inlet tube. The so3.vent, ether or cyclohexane (25 ml.) was syringed 
through the self sealing cap, degassed on the water pump and flushed through 
with nitrogen. A weighed quantity of iodine was added through the side 
arm, by momentarily removing the self sealing cap, and the flask was 
flushed with nitrogen for a further 10 minutes before the capsule was 
broken and the solution stirred®. When the iodine had been completely . 
removed the remaining dialkyI was hydrolysed using 0.5 N H^ SO^  (2 ml.) and 
the alkane evolved collected and estimated on the Gr.L.C. The results 
are tabluated below - (Tables 27 and 28). There follows below an 
explanation of the tables.
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Table 27
1) Moles of is expressed relative to the active dialkyl.
RH
(r*?) ^e^ erm^ ne(^ a^tio of alkanes in the gas collected
in the inverted separating funnel.
RI3) calc. is calculated as shown in the Discussion (p.114 ).
4) (jtg) original is the relative proportion of active alkyl groups 
R and RT in the starting mixture. Reference to this column shows that 
mixtures (see Table 17) 1b, 1c, 2a, 2b and 3 were used.
5) The excess ratio is now given by
Excess ratio = (-gfy ) / (“ r )
calc. / original
It has the same significance as previously.
6) Mole fractions of R Z^n and remainirLS is calculated as
shown in the Discussion (p*114 ) *
7) is given by (p. 76 ):
k _ Lb*j Imole fraction of RpZn remaining) 
~ JUa (mole fraction of R* Zn remaining)^ ,mo 1^
k8) tt, approx. is the relative rates for the hypothetical reaction
R2Zn + 2I2 ----~ a  2RI + Znl2
R*2Zn + 2I2  2R! I + Znl2
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As explained in the Discussion it has been introduced to give a 
qualitative indication of the relative rates for the real reaction when 
they cannot be evaluated*
amount of gas flushed across, Because the fluctuations in the amount 
of gas detected do not reflect cn the ratio of alkanes detected, this 
figure does not indicate the reliability of the method as a whole*
Table 28
The headings have the same significance as in Table 27.
Data for the PrGZnBun and EtZnPrG is to be found in Table 17 (p. 162 ). 
The mole fractions RZnI, R’ZnI, are given in the simplest cases
(9 ) The ratio expressed as a
percentage gives an indication of how reliable this method (of flushing 
across a sample and measuring it on the G.L.C.) is for estimating the
R H \
R'H'orig. 1.00, I2 <1.00) by
and RZnI + R’ZnI = (moles)
The more complicated cases may be solved as followss-
The bonds existing at the end of the reaction are
R-I, R’-I, R-Zn, R’-Zn, Zn-I
Taking line 1, Table 28:
But
But
*
*  •
-  200
I2 = 1.10, Zn-I = 1.10, and Pr-I + Bu-I = 1.10
»*. Pr-Zn + Bu-Zn = 0.90.
Pr-Zn _ /Pr-H\ - i OR
Bu-Zn Bu-H determined
Pr-Zn (= Pr-Zn-l) = 0.46
Bu-Zn (= Bu-Zn-I; = 0.44
/
BuH original
RZnR’ = 1.04 Pr-Zn - (0.96) Bu
mole fraction PrZnI = ~ 0.44
0.44mole fraction BuZnI = TTTZc ~ O.Ao
is now given by,
k _ R?Z nl _ 0,46 _ 1 0A
k* " RZnI 0.44 ~
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